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Abstract
In this thesis, we investigate the possibility of filling carbon nanotubes (CNTs) grown
by chemical vapor deposition (CVD) with guest molecules directly on substrates. This
requires the characterization of CNTs after synthesis. It is shown by high-resolution
TEM and Raman spectroscopy that the diameter distribution and number of layers
of as-grown CNTs depends on the growth temperature TCVD.
HRTEM measurements are seen to induce defects, even when performed at electron
energies as low as 80 keV. Raman spectroscopy, on the other hand, is non-destructive
for individual CNTs at small laser intensities (P < 0.5mW). This fact motivated us
to attempt a correlation of HRTEM and Raman spectroscopy, which allowed us to
prove the radial phonon-coupling for an individual multi-walled CNT and a bundle
of single-walled CNTs for the first time experimentally and to confirm our results
by a simple numeric model. Furthermore, it could be shown that the width of the
resonance profiles of radial Raman modes allows one to determine whether the inves-
tigated CNT is an individual single-walled CNT, located within a bundle or a layer
of a multi-walled CNT. This makes a determination of the inter-molecular structure
of CNTs possible without damaging the CNTs by TEM imaging. Moreover, resonant
Raman spectroscopy provides important information about the electronic structure of
the investigated CNTs, which is essential for interpreting future quantum transport
measurements and permits the determination of the atomic structure of individual
CNTs.
A second part of this thesis deals with the synthesis of peapods, CNTs filled with
fullerene molecules such as C60. We present a detailed characterization of individual
CNTs after each step of the peapod synthesis, focusing especially on the opening of
the as-grown CNTs. A UHV-chamber was built up to avoid reactions between the
opened CNTs and the atmosphere, allowing for the in situ removal of excess fullerene
molecules from the CNTs. Using this novel method, we obtain clean peapods in differ-
ent yields and with different numbers of layers directly on the substrate, which opens
the way for future quantum transport measurements of these systems.
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Zusammenfassung
In der vorliegenden Arbeit wurde untersucht ob Kohlenstoffnanoro¨hrchen (CNTs),
die mit Hilfe der chemische Gasphasenabscheidung (CVD) auf Substraten gewachsen
wurden, direkt mit Gastmoleku¨len gefu¨llt werden ko¨nnen. Dies setzt eine Charakte-
risierung der gewachsenen CNTs nach der CVD-Synthese voraus. Dabei konnte mit
Hilfe von hochauflo¨sender Transmissionselektronenmikroskopie (HRTEM) und Raman
Spektroskopie gezeigt werden, dass die Durchmesserverteilung und die Anzahl der
Wa¨nde von der Wachstumstemperatur TCVD abha¨ngen.
Wa¨hrend HRTEM-Messungen werden jedoch Defekte in den CNTs induziert, was
bereits bei Elektronenenergien von 80 keV beobachtet werden konnte. Raman Spek-
troskopie hingegen ist fu¨r kleine Laserleistungen (P < 0.5mW) zersto¨rungsfrei fu¨r
einzelne CNTs. Diese Beobachtung motivierte zu einer Korrelation von HRTEM und
Ramanspektroskopie, mit deren Hilfe erstmals die radiale Phononen-Kopplung in ei-
nem einzelnen mehrwandigem CNT und einem Bu¨ndel von einwandigen CNTs experi-
mentell nachgewiesen und durch ein einfachen numerischen Modells besta¨tigt werden
konnte. Weiterhin konnte gezeigt werden das Anhand der Breite des Resonanzprofils
der radialen Raman-Moden festgestellt werden kann, ob das untersuchte CNT ein ein-
zelnes einwandiges CNT ist, sich innerhalb eines Bu¨ndels von CNTs befindet oder eine
Wand eines mehrwandigen CNT ist. Dies ermo¨glicht mit Hilfe von Raman-Messungen
auf die intermolekulare Struktur von CNTs zu schließen, ohne diese zu bescha¨digen.
Daru¨ber hinaus liefert die resonante Raman Spektroskopie wichtige Informationen
u¨ber die elektronische Struktur der untersuchten CNTs, was essentiell fu¨r die Inter-
pretation spa¨terer Quantentransport Messungen ist und die Bestimmung der atomaren
Struktur von einzelnen CNTs erlaubt.
Der zweite Teil dieser Arbeit untersucht das Fu¨llen der gewachsenen CNTs mit Ful-
lerenen, wie beispielsweise C60, wobei die gefu¨llten CNTs als ”Peapods“ bezeichnet
werden. Wir pra¨sentieren eine detaillierte Charakterisierung einzelner CNTs nach je-
dem Schritt der Peapod-Synthese, wobei insbesondere auf das O¨ffnen der gewachsenen
CNTs eingegangen wird. Um Reaktionen der geo¨ffneten CNTs mit der Atmospha¨re
zu vermeiden, wurde eine UHV-Kammer aufgebaut, welche es ermo¨glichte die CNTs
in situ von u¨berschu¨ssigen C60 Moleku¨len zu reinigen. Dieses neue Verfahren erlaubt
die Synthese von sehr sauberen Peapods in verschiedenen Ausbeuten und mit einer
unterschiedlichen Anzahl von Außenwa¨nden direkt auf dem Substrat, was den Weg
fu¨r zuku¨nftige Quantentransport Messungen an diesen Systemen o¨ffnet.
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Chapter 1
Introduction
The discovery of carbon nanotubes (CNTs) is credited to Iijima et al. [1] in 1991,
who first noted their graphitic structure, although CNTs were previously synthesized
by Radushkevich et al. [2] in 1952 and Oberlin et al. [3] in 1976. In addition to
amorphous carbon, diamond, graphite and C60 CNTs establish a unique modification
of carbon. They consist of only carbon atoms and can be described as layers of
graphite wrapped into a seamless cylinder forming an inner hollow. When a CNT
consists of only a single layer of graphite, it is called a single-walled carbon nanotube
(SWCNT), while double-walled carbon nanotubes (DWCNTs) and multi-walled
carbon nanotubes (MWCNTs) have two or more layers, respectively. These layers
form cylinders and are concentrically encapsulated into each other being separated
by approximately the van der Waals (vdW) distance of graphite. Recently, DWCNTs
and MWCNTs were suggested for building nano-electro-mechanical systems (NEMS),
such as low-wear bearings [4] or gigahertz oscillators [5].
In general, SWCNTs vary from metallic to semiconducting depending on their
chirality. Due to their extremely large aspect ratio, featuring diameters in the
order of nanometers, but lengths up to several centimeters [6], SWCNTs provide a
structural confinement serving as a model for a one-dimensional system, which gives
rise to outstanding electronic properties. Semiconducting and metallic SWCNTs
show ballistic transport [7] allowing extremely large current densities in the order of
109 A/cm2 [8], which even leads to superconductivity below 20K for SWCNTs with a
diameter of only 4.2 A˚ [9]. For metallic SWCNTs, the Kondo effect has been observed
[10], as well as evidence for Luttinger liquid behavior [11, 12].
When individual SWCNTs are contacted by metal leads, quantum dot behavior
has been observed at low temperatures, where energy quantization is due to the
confinement given by these contacts acting as tunneling barriers [13]. This provides
an experimental realization of a one-dimensional particle in a box system, where the
confined quantum dot can be selectively filled electron by electron by tuning the
potential with a gate electrode in the proximity of an individual CNT [14].
The magnetic and electronic properties of CNTs can be altered by functionalization
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[15]. This can be done by sticking side groups on the outside or the inside of the
CNTs or by filling the inner hollow of CNTs with guest molecules. When C60 is
used as a guest molecule, C60 molecules align inside the CNTs similar to peas in
a peapod [16]. Therefore, these structures are called peapods and have recently
generated a lot of interest as systems for future electronic applications. The C60
fullerenes inside the tubes modulate the local density of states due to hybridization
of the molecular orbitals with the conduction band [17], and endohedral fullerenes
inside a semiconducting tube can change the bandgap [18]. These effects allow one
to build ambipolar CNT field effect transistors [19] and to tune the gate-dependent
conductance of single electron transistors [20]. But filling CNTs with fullerenes can
also change their mechanical properties, e.g., softening the vibrational modes [21, 22],
which is interesting for the fabrication of nano-electro-mechanical devices.
The included C60 molecule itself, which also provides an inner hollow, can be
functionalized by side groups or guest molecules from the inside or the outside as well.
When the C60 molecules are filled with paramagnetic atoms, e.g. N or P, resulting
in endohedral fullerenes N@C60 and P@C60 respectively, this structure provides a
one-dimensional spin chain. Natural carbon consists of mainly two isotopes: 12C and
13C, where only 13C has a nuclear spin. Since carbon consists of 98.8 % 12C, nuclear
fields leading to spin relaxation are negligible, which makes CNTs an ideal matrix
for the alignment of individual spin centers. Due to their close one-dimensional
arrangement in CNTs, the endohedral atoms couple with one another. This allows
the investigation of spin chains coupled to a ballistic conductor, which makes peapods
filled with endohedral fullerens a promising material for spin electronic (spintronic)
devices [23].
When a peapod filled with endohedral fullerenes is contacted, a coupling between
the electrons in the quantum dot and electrons of the atoms within the endohedral
fullerenes is expected at low temperatures. This may be useful as a read-out for their
spin state, which can be altered by an external magnetic field B0. Such a device is
illustrated in figure 1.1, which is based on the concepts of Ardavan et al. [24]. It
combines the excellent electronic properties of CNTs with a multiplicity of different
electron spin systems provided by endohedral fullerenes to study spin dependent
transport.
For electronic applications, CNTs are often grown by chemical vapor deposition
(CVD), because this method leads to long and well-separated CNTs. This is in
contrast to CNTs dispersed from solution, which are comparably short and tend
to align themselves side by side due to their inter-tube vdW interactions. Thus,
they form bundles, preventing one from contacting individual CNTs. Furthermore,
catalyst particles, which induce the growth of CNTs during CVD, can be placed
at selected sites on the substrate by using electron beam lithography, allowing for
synthesis of CNTs at predefined sites of the sample [25].
To choose those CNTs for device fabrication which show the desired yield of func-
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Figure 1.1: Illustration for the use of a contacted CNT filled with endohedral fullerenes
as a device for quantum information applications. A coupling between the
quantum dot and the atoms within the endohedral fullerenes is expected.
tionalization, doping, etc., a characterization on the single CNT level is needed.
Transmission electron microscopy (TEM) is an important tool for characterizing the
atomic structure of CNTs. Especially due to the increase in resolution by using
aberration corrected high-resolution transmission electron microscopy (HRTEM), it
is possible to investigate a CNTs diameter, purity, number of layers and inter-layer
distance directly. Furthermore, HRTEM provides the investigation of the inner hollow
of CNTs with different numbers of layers, and is therefore widely used to verify the
filling of CNTs. This allows one to determine the diameter of the innermost tubes
of MWCNTs, which is most important for providing enough space for the filling of
CNTs with guest molecules like C60 [26]. Because of the introduction of defects during
electron irradiation, which can even lead to the destruction of the investigated CNT,
HRTEM can only be used as the last step and does not allow a pre-characterization
of the CNTs or peapods.
In contrast, Raman spectroscopy is a non-destructive tool to determine the effects
of functionalization, for example creation of defects or changes in the electronic
structure [27]. Furthermore, resonant Raman spectroscopy (RRS) provides the
structural characterization of individual SWCNTs by determining their chirality [28].
But since Raman spectroscopy provides only indirect information on the atomic
structure of CNTs, a correlation of microscopy and spectroscopy measurements on
the same CNTs is needed to interpret the observed Raman spectra.
Therefore the first aim of this thesis is to further develop Raman spectroscopy as
a characterization method for individual CNTs and bulk samples. This is achieved
by making a detailed correlation of HRTEM and Raman spectroscopy for both
individual CNTs and bulk samples to study the influences of different atomic and
molecular structures of CNTs on the obtained Raman spectra. It allows us to study
the inter-layer phonon coupling in a bundle of SWCNTs and an individual MWCNT
for the first time experimentally, providing a new way to pre-characterize individual
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CNTs.
In order to keep the advantages of the CVD growth, the peapod synthesis has to
be carried out directly on the substrates. Peapods filled with empty C60 molecules
could be synthesized from bulk material of CNTs dispersed from solution [29]. To
obtain individual peapods from CVD-grown CNTs, the procedures for the synthesis
of peapods using bulk material have to be adapted for individual CNTs attached to
the substrate. This has only been achieved by two research groups so far [30, 31].
Thus, the second aim of this thesis is to confirm the synthesis of peapods from
CVD-grown CNTs directly on different substrates, which are suitable for later
transport measurements. As a start, empty C60 molecules are used to fill the CNTs.
In order to optimize the peapod synthesis, we present a detailed characterization
of each synthesis step by a correlation of HRTEM and Raman spectroscopy, which
allows us to study the atomic and the electronic structure of CNTs and to confirm
their opening, filling, and cleaning.
This thesis is organized as follows:
As an introduction, we will discuss the atomic structure of SWCNTs, which is the
origin of their different electronic properties in chapter 2. These can be determined
by the so-called zone-folding approximation starting from the band structure of
graphene, a single layer of graphite. In addition, the electronic structure of CNTs
depends on tube-tube interactions induced for bundled SWCNTs or MWCNTs.
Furthermore, peapods are expected to alter their electronic structure due to inter-
actions between the CNT and the encapsulated C60 molecules, which can tune the
properties of the CNTs [32]. This leads to shifts in the band structure, which will be
discussed separately. Since CNTs show a strong electron-phonon coupling [33], the
understanding of the electronic structure of CNTs and peapods is fundamental for
the interpretation of the Raman spectra.
In chapter 3, the experimental methods used are introduced. There we will focus
on HRTEM and Raman spectroscopy, being the prominent methods used in this
thesis. Although HRTEM is operated at 80 keV, which is the smallest electron energy
possible for the instrument used, it leads to the introduction of defects due to electron
irradiation annealing [34]. On the other hand, non-destructive Raman spectroscopy,
which only probes the phononic and electronic properties of the investigated CNTs,
does not provide one with a clear determination of the atomic structure. Therefore,
these two characterization methods are correlated in this thesis to obtain a better
understanding of the influences of the atomic structure of CNTs and peapods on their
electronic properties and characteristic phonons, which are introduced and discussed.
This chapter closes with a comparison of the characterization methods used, which
feature different possibilities and restrictions.
In chapter 4, an overview of the known synthesis methods for CNTs is given, followed
by a discussion and comparison of said methods. We will focus on the growth of CNTs
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by CVD, which is used to grow CNTs directly on substrates in this thesis. Because
the CNTs obtained are investigated with different characterization methods, the use
of different kinds of substrates is necessary, which will be introduced discussing their
applications and limitations. Since CNTs are grown by a catalytic process, different
kinds of catalysts and their resulting CNTs are investigated and compared, focusing
on the usage of Fe:Mo alloy catalysts. Another important synthesis parameter is the
growth temperature TCVD, which is varied for different samples to investigate its
influence on the structure of the obtained CNTs. This characterization of the starting
material for the peapod synthesis is essential in order to distinguish between the
effects of further processing steps.
In chapter 5, the effect of tube-tube interactions on the optical transition energies
is studied. They are investigated by RRS for a small bundle of SWCNTs and
an individual MWCNT, using several laser excitation energies in order to obtain
resonance profiles for resonant Raman modes. These results are compared to HRTEM
and AFM measurements to see how far individual CNTs can be characterized by
Raman spectroscopy alone. This would help to pre-characterize individual CNTs and
to select adequate CNTs for further processing.
In chapter 6, Raman spectroscopy is used to investigate an individual MWCNT
and a small bundle to study the influence of the tube-tube interactions on their
radial vibration modes. Since MWCNTs and individual SWCNTs in bundles are
coupled by weak vdW interactions, the coupling of phonons is theoretically predicted
for these CNTs, but not yet observed experimentally. A correlation of RRS and
HRTEM measurements allows us to introduce a numeric model to simulate the effect
of phonon coupling in MWCNTs and bundles of SWCNTs and to compare our result
to the existing models. This may introduce a new method to distinguish the number
of layers and their diameters by Raman spectroscopy alone.
In chapter 7, the peapod synthesis from individual CNTs and bulk samples directly
on substrates is presented. Because as-grown CNTs have to be opened before they
can be filled, two different oxidation methods are investigated. These are acid
treatment with and without subsequent annealing and heating in air. The removal
of exterior C60 molecules from the CNTs after filling is essential, not only for later
transport measurements, but also to confirm the filling of CNTs with experimental
methods. Therefore, a UHV-chamber has been built up, allowing for the production
of clean peapods with different number of layers by using vapor filling directly
on substrates. The obtained samples are characterized by HRTEM and Raman
spectroscopy to specify their filling yield and their purity. These results are compared
to conventionally produced peapods from other groups.
This thesis closes with chapter 8, which concludes the main results and gives an
outlook on future experiments.
5

Chapter 2
Basic properties of carbon
nanotubes
The outstanding electronic properties of CNTs as discussed in chapter 1 are a di-
rect consequence of their unique atomic structure. These vary for different SWCNTs;
where some SWCNTs show a metallic behavior, others are semiconducting. The axial
atomic assembly of different single-walled carbon nanotubes (SWCNTs) and their elec-
tronic band structure can be derived from cut and rolled up graphene, a single layer of
graphite, allowing the classification of different SWCNTs in chapter 2.1. These differ-
ent atomic assemblies of SWCNTs are due to their spiral conformation called chirality,
which is defined by their chiral vector. This explains their different electronic behav-
iors, which are ordered in different families in chapter 2.2. They are the basis for the
interpretation of optical transitions investigated by Raman spectroscopy. Different en-
vironments also influence the band structure of SWCNTs leading to shifted transition
energies and therefore provide additional information about their inter-molecular ar-
rangements. These effects will be discussed in chapter 2.5, chapter 2.6 and chapter 2.7.
2.1 Atomic structure
SWCNTs can be described by a single layer of graphite rolled-up into a seamless
cylinder. Their atomic assembly depends on how the layer is cut out from a graphene
sheet as illustrated in figure 2.1a. The resulting SWCNT is defined by the chiral
vector Ch around its circumference (figure 2.1b). The chiral vector is expressed with
the graphene lattice vectors a1 and a2 by
Ch = n1a1 + n2a2 (2.1)
7
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Figure 2.1: (a) Hexagonal lattice of graphene with its basis vectors a1 and a2. A
rectangular sheet (blue area) is cut out of the graphene lattice, which is
defined by the translation vector T (green arrow) and the chiral vector Ch
(blue arrow). The atomic assignments of the resulting SWCNT vary for
different chirality angles between Θ = 0 (zigzag) and Θ = 30 (armchair)
as marked by the black dashed lines. (b) When the shaded area in (a) is
rolled-up along Ch the unit cell of a (4,2) SWCNT is obtained.
and (n1,n2) is called the chiral index.
The length of the unit cell is given by the translation vector T , which represents the
unit cell along the nanotube axis and is given by
T = |T | = a0
√
3(n21 + n1n2 + n
2
2)
gcd(n1, n2)R , (2.2)
with the graphene lattice constant a0 =
√
3acc = 2.46 A˚. In this equation gcd(n1, n2)
is the greatest common denominator of n1 and n2 and
R =
{
3 if (n1 − n2)/[3 gcd(n1, n2)] ∈ N
1 otherwise.
(2.3)
These two vectors Ch and T define the unit cell of a SWCNT, which is shown in
figure 2.1b for a SWCNT with a chiral index of (4,2). Thus, except for the length of
the unit cell, which is given by |T |, all other structural properties of a SWCNT can
be determined by its chiral index (n1,n2).
The diameter of a SWCNT is given by
dT =
|Ch|
π
=
a0
π
√
n21 + n1n2 + n
2
2 =
√
3acc
π
√
n21 + n1n2 + n
2
2, (2.4)
8
2.1 Atomic structure
(10,0)
(a) (b)
(10,5)
(c)
(10,10)
Figure 2.2: Atomic structure of (a) a (10,0) zigzag SWCNT, (b) a (10,5) chiral
SWCNTs and (c) a (10,10) armchair SWCNT. The diameter is increasing
for higher chiral angles from (a) 0.78 nm via (b) 1.03 nm to (c) 1.35 nm.
Carbon atoms and bonds are colored red and grey respectively.
where acc = 1.421 A˚ is the nearest neighbor distance of carbon atoms in graphite.
The angle between the chiral vector Ch and the lattice vector a1 is called the chiral
angle Θ and is given by
Θ = arccos
[
n1 + n2/2√
n21 + n1n2 + n
2
2
]
, (2.5)
which varies between 0 ≤ Θ ≤ 30 . All other ranges are equal to this interval due to
the six-fold hexagonal symmetry of graphene. Thus, (n1, 0) SWCNTs have the smallest
chiral angle of Θ = 0 and are called zigzag SWCNTs due to their zigzag alignment
of carbon atoms along their circumference, while (n1, n1) SWCNTs with the highest
chiral angle of Θ = 30 are called armchair SWCNTs. These two extreme cases are
drawn in figure 2.1a by dashed lines, which show their high symmetry within the
graphene lattice. They are called achiral, while SWCNTs with a intermediate chiral
angle of 30 > Θ > 0 featuring a lower symmetry are called chiral. The resulting
different atomic arrangements are illustrated in figure 2.2.
As we will see in chapter 2.2, armchair SWCNTs are metallic, while zigzag and chiral
SWCNTs can be semiconducting or semimetallic featuring a finite bandgap of 0.3-
1.0 eV and 50meV respectively [35]. In general, SWCNTs can be classified in three
families, that are characterized by the family index
ν = (n1 − n2) mod 3 =
⎧⎪⎨
⎪⎩
−1 semiconducting SWCNTs type I
0 (semi)metallic SWCNTs
+1 semiconducting SWCNTs type II,
(2.6)
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while only armchair tubes with ν = 0 are metallic, whereas all other SWCNTs with
ν = 0 are semimetallic. Because of the small bandgap of semimetallic SWCNTs, elec-
trons are excited at room temperature, which gives these small bandgap semiconduc-
tors a metallic behavior.
C
h
Figure 2.3: Chiral indices of SWCNTs mapped onto a graphene lattice taken from [36].
Different families are marked by small symbols in the upper corner of each
hexagon, where filled circles stand for semiconducting type I (ν = −1),
open circles for semiconducting type II (ν = +1) and filled squares for
metallic SWCNTs (ν = 0).
Figure 2.3 shows the chiral indices for SWCNTs with a diameter d
T
≤ 1.2 nm mapped
onto a graphene sheet belonging to different families defined by the family index ν,
where about 1/3 of the SWCNTs with different chiral indices are metallic, while 2/3
are semiconducting. SWCNTs of the same family are connected by lines parallel to
the armchair direction or its equivalent translations. The lower right corner shows
the chiral vector Ch of a (5, 3) SWCNT, for example, obtained by the addition of the
lattice vectors a1 and a2.
2.2 Electronic structure
The electronic properties of SWCNTs can be derived from the band structure of
graphene. This method is called the zone-folding approximation [37]. The electronic
band structure of graphene can be calculated by an empirical tight-binding model,
which includes only the π-orbitals perpendicular to the graphene surface and their
10
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Figure 2.4: (a) Tight-binding calculation of the band structure of graphene around its
hexagonal Brillouin zone (taken from [38]). The valence (conduction) band
is labeled with π (π∗). (b) Scheme to depict the zone-folding approxima-
tion: Boundary conditions cause discrete reciprocal vectors k⊥ perpendic-
ular to the tube axis (red lines), which cut the cones of graphene, while
k‖ parallel to the tube axis is almost continuous for long SWCNTs. The
Fermi surface of the Brillouin zone of graphene is shown by the blue area
with its symmetry points K, M and Γ.
interactions, which gives rise to the electronic bands close to the Fermi level [39]. If
only nearest neighbors are considered the energy dispersion in graphene is given by
E±(k) = γ0
√
3 + 2 cosk · a1 + 2 cosk · a2 + 2 cosk · (a1 − a2), (2.7)
where γ0 describes the interaction between two neighboring π-electrons and k is the
reciprocal wave vector in the Brillouin zone (BZ) of graphene [41]. E+ represents the
energy of the π∗-states in the conduction band, while E− is the energy of the π-states
of the valence band. Figure 2.4a shows this electronic dispersion of graphene within
its hexagonal BZ depending on the cartesian reciprocal basis vectors kx and ky.
Graphene is a semimetal, as the π- and π∗-bands touch only at the six so-called
K-points in the corners of the hexagonal BZ. Around these points both bands are
approximately linear with k = kxkx + kyky and can be described as cones centered at
the K-points of the BZ as shown in figure 2.4b.
This two-dimensional band structure of graphene is further reduced for SWCNTs and
can be described with the following zone-folding approximation. Their circumference
11
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allows only discrete reciprocal wave vectors k⊥ = k⊥ek⊥ perpendicular to the tube
axis given by
Ch · k⊥ = 2πm; T · k⊥ = 0; Ch · k‖ = 0; T · k‖ = 2π (2.8)
with the wave vector parallel to the tube axis k‖ = k‖ek‖ and m ∈ N, which fulfill
the boundary conditions. This yields a k-space consisting merely of lines parallel to
the tube axis, where the length of these lines is given by 2π/T and is continuous for
long SWCNTs. Each line cuts the cones around the K-points with a distance between
the lines of Δk = 2/d
T
. Thus, the actual band structure of a SWCNT is given by
the electronic dispersion of graphene along these lines of allowed states, where each
line results in a different band designated by the quantum number m in equation 2.8.
When a K-point of the BZ lies on such a line, the SWCNT becomes (semi)metallic
otherwise it will be semiconducting. The K-point of graphene is located at 1/3(k1−k2),
where the reciprocal basis vectors k1 and k2 are related to the basis vectors in real
space a1 and a2 by ai · ki = 2πδij . Thus, a SWCNT is (semi)metallic if
k · Ch = 2πm = 13(
k1 − k2)(n1a1 + n2a2) = 2π3 (n1 − n2), (2.9)
with the quantum number m. This is fulfilled for
3m = n1 − n2, (2.10)
and explains the relation of equation 2.6.
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Figure 2.5: Schematic band structure obtained by the zone-folding approximation for
(a) a metallic SWCNT and (b) a semiconducting SWCNT. For the metallic
SWCNT the valence and conduction band cross providing a finite DOS at
EF, while the conducting SWCNT shows a bandgap around the Fermi
level. Sharp van Hove singularities can be observed for both SWCNTs in
their DOS.
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2.3 Trigonal warping effect
The band structure of SWCNTs obtained by the zone-folding approximation is illus-
trated schematically in figure 2.5 for (a) a metallic SWCNT and (b) a semiconducting
SWCNT. Their one-dimensional density of states (DOS) is shown on the right side for
each SWCNT, which features sharp van Hove singularities (vHSs) due to their one-
dimensional confinement. While metallic SWCNTs show a finite DOS at the Fermi-
level because of the crossing of their π- and π∗-bands, semiconducting SWCNTs have
a bandgap between the first vHS of the valence and conduction band. Since the dis-
tance between the lines of allowed states that cut the BZ of graphene is Δk = 2/dT
and the dispersion decreases linearly with k around the K-points, the energy between
the corresponding vHSs is proportional to 1/dT.
2.3 Trigonal warping effect
In the zone-folding approximation the energy bands around the K-points are described
to disperse approximately linearly with respect to k, leading to symmetrical cones.
The trigonal warping effect describes the deviations from this linear energy dispersion
around the K-points. Figure 2.6 shows contour energy plots around the K-point of
graphene, calculated by equation 2.7 with γ0 = 2.9 eV [40]. Trigonal distortions of the
k
||
Figure 2.6: Equi-energy contour plots of the band structure of graphene close to the
K-points showing the trigonal distortion in the direction of the M-points.
Allowed wave vectors for (a) a metallic, (b) a semiconducting type I and
(c) a semiconducting type II SWCNT are plotted by white vertical lines,
which are labeled with their corresponding transition. A chiral angle of
Θ = 15 and an equal tube diameter dT is assumed (taken from [36]).
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equi-energy contours can be seen to increase with the distance to the K-point due to
the straight equi-energy lines between adjacent M-points in the BZ of graphene. The
asymmetry of the energy contours around the K-point leads to a chirality dependence
of the resulting energy bands in a SWCNT [41]. This is shown in figure 2.6a for a
metallic SWCNT with ν = 0, in figure 2.6b for a semiconducting type I SWCNT with
ν = −1 and in figure 2.6c for a semiconducting type II SWCNT with ν = +1. The
allowed wave vectors are plotted as vertical lines with their corresponding transition
energy Eii separated by Δk = 2/dT, where the index i enumerates the vHSs in the
valence and conduction band on both sides of the Fermi level.
In the case of a metallic SWCNT as shown in figure 2.6a the trigonal warping effect
leads to a lift of the degeneracy of the E11 transition into two nearby transition energies
with the same distance to the K-point. The transition energy on the left of the K-
point is slightly increased, while the transition energy on the right side of the K-point
is slightly lowered.
For semiconducting SWCNTs as shown in figure 2.6b and figure 2.6c, the E11 transition
is either on the left side of the K-point in the case of type I SWCNTs or on the right
side for type II SWCNTs. In both cases the distance of the E11 transition to the
K-point is equal, but due to the asymmetric warping decreased for type I SWCNTs
and increased for type II SWCNTs. For the E22 transition the situation is reversed
because this transition originates from the opposite side of the K-point, while the side
alternates for higher transitions.
Because the trigonal warping effect slightly shifts the transition energies depending on
the chirality of the SWCNT, it gives rise to a splitting of the transition energies for
each family, allowing the assignment of the chiral indices for the investigated SWCNTs
by resonant Raman spectroscopy (RRS) as will be shown in section 3.3.3. The trigonal
warping effect is most prominent for zigzag SWCNTs with Θ = 0 , while the trigonal
distortions around the K-point become symmetrical to the allowed states for armchair
SWCNTs with Θ = 30 . This leads to the absence of the trigonal warping effect for
these tubes, where the transition energies are proportional to 1/dT.
2.4 Curvature effect
The zone-folding approximation neglects the effect of the SWCNT’s curvature. This
effect decreases with increasing tube diameter. On the one hand, the curvature of
a CNT leads to smaller inter-atomic distances between the C atoms compared to
graphene. Thus, for SWCNTs the interaction γ0 in equation 2.7 between two neigh-
boring π-electrons depends on the symmetry of the carbon bonds relating to the tube
axis, which leads to the small bandgaps in semimetallic SWCNTs.
On the other hand, the curvature changes the bonds between the C atoms due to
14
2.4 Curvature effect
rehybridization of the σπ2-orbitals. To describe the degree of rehybdridization, Niyogi
et al. introduced the pyramidization angle
θP = θσπ − 90 , (2.11)
which is defined as the difference of the angle θσπ between the in-plane σ- and the
out-of-plane π-bonds in the trigonal configuration of graphene and 90 [42]. Graphene
has a pure sp2-character, where σ- and π-bonds are perpendicular to each other with
the pyramidization angle of θP = 0 as shown in figure 2.7a. In the tetrahedral sp3
configuration as observed for diamond (figure 2.7b) the pyramidization angle increases
to θP = 19.47 . Niyogi et al. showed that θP increases linearly with the reciprocal
tube diameter 1/dT [42]. This leads to a mixture of the sp2- and the sp3-configuration
as observed for C60 featuring a pyramidization angle of θP = 11.4 .
These structural deviations also cause deviations in the electronic structure of
SWCNTs. Figure 2.7c and figure 2.7d show the band structure of a (10,0) SWCNT
calculated by Reich et al. [43]. While figure 2.7c was obtained by a tight-binding
calculation, which includes only π-orbitals, but neglects the curvature effect, fig-
ure 2.7d was calculated by an ab initio calculation. As a result the π∗-bands are
significantly downshifted as shown in figure 2.7d for bands with m = 0 marked by
red curves with black points. This is due to the mixing of σ∗- and π∗-bands induced

	

Trigonal ( )sp
2
Tetrahedral ( )sp
3
	
P
(a)
(b)



	


	

P

k
||
E
n
e
rg
y
(e
V
)
(c)
k
||
E
n
e
rg
y
(e
V
)
(d)
Figure 2.7: (a-b) Pyramidization angles for (a) the trigonal sp2- and (b) the tetrahe-
dral sp3-configuration (taken from [42]). (c-d) Band structure of a (10,0)
SWCNT calculated by (c) tight-binding approximation and (d) ab-initio
calculation (taken from [43]). Red curves with black points mark the bands
with m = 0. The downshift of the π∗-bands in the ab-initio calculation is
due to the curvature effect.
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by the rehybridization of the sp2-orbitals, which was already calculated by Blase et
al. in 1994 using ab initio local density functional calculations [44]. The curvature
effect increases for smaller diameters of CNTs due to their increasing rehybridization.
Furthermore, Ku¨rti et al. showed that the curvature effect also depends on the
chirality of the SWCNTs, while zizag SWCNTs are more affected than armchair
SWCNTs [45], which can be explained by their different symmetries [43]. This shows
that the changes in the band structure of SWCNTs induced by the curvature effect
are increasing with smaller tube diameter dT and smaller chiral vector Θ and thus
vary for each (n1, n2) SWCNT.
2.5 Bundling effect
When several individual SWCNTs interact with each other, they show a strong ten-
dency to align themselves axially forming bundles, which stick together by inter-tube
van der Waals (vdW) interactions. A schematic example of a bundle of SWCNTs is
shown in figure 2.8a, which shows the hexagonal formation of axially aligned SWCNTs.
The distance between individual tubes in a bundle is approximately 0.34 nm, which
equals the observed distance between individual layers in graphite [46].
As mentioned above, the curvature effect leads to the rehybridization of the sp2-
orbitals, which asymmetrically deforms the p-orbitals as seen in figure 2.7b. This
increases the reactivity of SWCNTs as shown by Ku¨rti et al., which explains their
strong tendency to form bundles [45]. Therefore, the electronic structure of SWCNTs
is also expected to change in a bundle. Reich et al. calculate the band structure of an
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Figure 2.8: (a) Schematic alignment of a bundle of (6,6) SWCNTs. Individual
SWCNTs are colored differently to gain a better overview. (b) Comparison
of the electronic band structure of an isolated (left) and a bundled (right)
(6,6) SWCNT (taken from [43]).
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individual (6,6) armchair tube compared to a bundle of (6,6) SWCNTs as shown in fig-
ure 2.8b [43]. The calculation shows that the bundling effect leads to a further decrease
of the separation between the conduction and the valence band around the Fermi level.
These shifts of the band structure are most pronounced for the non-degenerate states,
which are indicated by red curves with black points. These calculations are consistent
with experimental results by Wang et al., who observed for bundles a red-shift of tens
of meV in the energy of their optical transitions, which were obtained by Rayleigh
scattering [47]. Since the symmetry of individual SWCNTs in a bundle is lowered, the
degeneracy of states is lifted as shown for a doubly-degenerate state in figure 2.8b.
2.6 Multi-walled carbon nanotubes
In analogy to graphite, which consists of several graphene layers, multi-walled car-
bon nanotubes (MWCNTs) consist of several SWCNTs encapsulated one inside the
other and bound only by weak inter-layer vdW interactions. Figure 2.9a shows as an
example a double-walled CNT (DWCNT), which is the simplest form of a MWCNT
consisting of a (5,0) SWCNT (colored grey) inside a (10,0) SWCNT (colored red).
This arrangement of SWCNTs leads to a higher stiffness allowing a higher thermal
(a)
(5,0)@(10,0)
0.44
0.42
0.40
0.38
0.36
0.34
0.32i
n
te
r-
la
y
e
r
d
is
ta
n
c
e
(n
m
)
121086420
tube diameter (nm)
(b)
Figure 2.9: (a) Atomic structure of a DWCNT being the simplest form of MWCNTs
consisting of a (5,0) SWCNT (colored grey) encapsulated by a (10,0)
SWCNT (colored red), which is designed as (5,0)@(10,0). (b) Measured
inter-layer distances for different MWCNTs compared to the predicted di-
ameter dependence according to Kiang et al. [48] (red dashed curve). The
measured inter-layer distances spread around a mean value of dΔ = 0.35 nm
(black dashed line).
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stability of MWCNTs compared to SWCNTs [49].
In general SWCNTs with different chiralities can form a MWCNT as long as the di-
ameter of the inner tube is small enough to fit inside the outer tube. As we will see in
chapter 4, MWCNTs are formed during growth depending on the growth temperature
and on the catalyst used.
The inter-layer distance between adjacent SWCNTs within a MWCNT is slightly larger
than the inter-layer distance of dΔ = 0.34 nm observed for graphite due to the geomet-
ric and electronic perturbations induced by the curvature effect. Figure 2.9b shows
the experimentally obtained inter-layer distance for different MWCNTs measured by
high resolution transmission electron microscopy (HRTEM), where tubes belonging to
the same MWCNT are connected by solid lines.
The curvature effect leads to a dependency of the inter-layer distance on the diame-
ter of the tubes reported by Kiang et al. [48] resulting in rather small variations of
around 0.08 nm for tube diameters between dT = 0.5 − 10 nm, which are plotted by
the red dashed curve. Within the error of the measurement of ΔdT = ±0.08 nm no
clear relation of the inter-layer distance to the tube diameter caused by the curvature
effect could be resolved. This aspect will therefore be neglected. Instead, the mea-
sured inter-layer distance spread around a constant value of around 0.35 nm, which is
consistent with the measured inter-layer distances of dΔ = 0.35− 0.37 nm reported by
Dresselhaus et al. [33].
Since MWCNTs consist of individual coaxial SWCNTs, their vibrational and electronic
properties are strongly related to those of the participating SWCNTs, which are mod-
ulated by inter-layer vdW interactions regarding their dependence on the inter-layer
distance. Surrounding layers act as a concentric potential that stabilizes the inner
tubes. Thus, the innermost tubes can have a diameter, as small as dT = 3.4 A˚, which
would not be stable for an individual SWCNT due to its strong curvature [50]. On the
other hand it induces a stronger σ-π-rehybridization of the inner tubes. Therefore,
individual SWCNTs within a MWCNTs show a small down-shift of their π∗-bands
induced by the increased curvature effect [51].
2.7 Peapods
Peapods are carbon nanotube hybrid structures consisting of fullerenes encapsulated in
the inner hollow of SWCNTs or MWCNTs. This is shown in figure 2.10a for a (10,10)
SWCNT, which is filled with C60 fullerenes forming a linear chain inside the SWCNT.
The formation of a linear chain is the simplest ordering phase of C60 molecules within
CNTs. Hodak et al. predicted ten different ordering phases of C60 in SWCNTs pro-
viding a diameter between 1.25 nm and 2.71 nm, which depend on the provided space
of the inner hollow and therefore on the diameter of the encapsulating CNT [52]. For
diameters between 1.25 nm and 1.45 nm a linear chain is expected, which transforms
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(a) (b) (c)
Figure 2.10: (a) Atomic structure of a peapod consisting of C60 molecules (blue atoms)
encapsulated by a (10,10) SWCNT (red atoms) forming a linear chain.
(b) Three most simple ordering phases of C60 molecules inside a SWCNT.
With increasing diameter the linear chain phase transforms via a zigzag
phase into a chiral phase (taken from [52]). (c) C60 molecule inside
a (11,11) SWCNT. Pink and cyan surfaces denote the electron-rich or
electron-poor regions (taken from [53]).
into a zigzag structure for diameters between 1.45 nm and 2.16 nm, while larger inner
diameters show mostly chiral phases consisting of one or more helices as shown in fig-
ure 2.10b. Khlobystov et al. confirmed these predicted ordering phases experimentally
for DWCNTs filled with C60 molecules [54].
The distance of adjacent C60 molecules in the linear chain phase is slightly smaller than
in C60 crystals, but larger than for C60 polymers [55]. Thus, electron transfer along
the chain of C60 molecules is expected. This also occurs between the encapsulated C60
molecule and the layer of the innermost CNT, as shown with density functional theory
calculations by Okada [53]. They indicate that electrons are transferred from the π-
orbitals of the C60 molecules and the SWCNTs to the space between them, leading to
a local polarization of the peapod. This can be seen in figure 2.10c, which shows a C60
molecule inside a (11,11) SWCNT, where pink and cyan isosurfaces denote electron-
rich and electron-poor regions. Thus, the electron density around the atoms in the
CNTs is decreased leading to a slight decrease of the π∗-band. This effect could only
be observed for CNTs slightly larger than a (10,10) SWCNT providing enough space
between the interior C60 molecule and the inner layer of the encapsulating SWCNT,
while calculations show that for dT < 1.25 nm C60 molecules are axially deformed after
the encapsulation [56].
If the diameter is smaller than dT = 1.25 nm, the insertion of C60 becomes endothermic
due to the required distortions of the encapsulating SWCNT. This minimum diame-
ter is slightly smaller than the diameter of C60 (dC60 = 0.71 nm) plus twice the van
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der Waals distance observed for graphite (dΔ = 0.34 nm), which indicates small dis-
tortions of the C60 molecule and the encapsulating SWCNT. For the insertion of C60
inside MWCNTs, the minimum diameter is even lower, as observed for filled DWCNTs
providing an inner average diameter of only dT = 1.13 nm, which is due to the addi-
tional contributions of the several layers to the attractive part of the vdW interactions
compensating the distortions of the inner tube [54].
2.8 Summary
SWCNTs show a variety of different atomic alignments depending on their chiral
vector Ch. These alignments result in different electronic properties, which can be
calculated using the zone-folding approximation. SWCNTs can be divided into three
different families determined by the family index ν, where SWCNTs with ν = 0 are
(semi)metallic, while SWCNTs with ν = −1 and ν = +1 named type I and type II
are semiconducting.
The zone-folding approximation neglects the curvature effect, which arises from the
rehybridization of the pure sp2-orbitals in graphene due to the curvature of a SWCNT.
This effect can be described by the pyramidization angle θP and is most prominent for
SWCNTs with small diameters dT and small chiral angles Θ. As a result the π-bands
are downshifted significantly, which leads to a decreased bandgap.
The rehybridization increases the attractive vdW forces between individual tubes due
to the asymmetric deformation of the π-orbitals, which leads to bundle formation and
to a further decrease of the separation between the conduction and the valence band.
Furthermore, a splitting of degenerate bands occurs due to the lowered symmetry in
a bundle.
The electronic structure of SWCNTs within a MWCNT shows only slight changes
compared to the band structure of an individual SWCNT, which are induced by the
increased curvature effect due to the outer tubes forming a concentric potential for
inner tubes. This effect also allows the formation of very small inner tubes, which
would not be stable otherwise.
Peapods are hybrid structures consisting of SWCNTs or MWCNTs filled with fullerene
molecules. Depending on the diameter of the innermost tube, different ordering struc-
tures could be observed for C60 molecules within CNTs. The interaction between the
encapsulated C60 molecule and the innermost layer depends on their distance since it
is dominated by vdW interactions. For larger distances a slight shift of the electron
density, which is transferred from the tube and the C60 molecule to the space between
them, has been calculated. Thus, the electron density around the atoms decreases,
leading to a slight decrease of the band dispersion. For diameters below the minimum
diameter of dT = 1.25 nm, on the other hand, calculations show that encapsulated C60
molecules are axially deformed and induce distortions in the innermost layer of the
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CNT.
Due to the strong electron-phonon coupling in CNTs, these fundamental electronic
processes are essential for the interpretation of optical transitions as observed in Ra-
man spectroscopy. In principle, the deviations of the observed Raman modes from
the theoretical expectations allow the identification of different environments which
slightly influence their electronic structure.
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Chapter 3
Experimental methods
In the following chapter, the main experimental methods used in this thesis are in-
troduced and discussed. These yield different information on the atomic and elec-
tronic structure of the investigated CNT and have specific advantages and limitations.
Atomic force microcopy (chapter 3.1) and scanning electron microcopy (section 3.2.1)
are used to probe the surface, transmission electron microscopy (section 3.2.2) to de-
termine the structural assignment, and Raman spectroscopy (chapter 3.3) investigates
the electrical properties of bulk material and individual CNTs.
3.1 Atomic force microscopy (AFM)
The AFM was developed by G. Binning et al. in 1986 [57]. A schematic assembly of
Photodiode
Cantilever
Sample surface
Laser
Tip
(a)
10 μm
(b)
Figure 3.1: (a) Schematic assembly of an AFM (taken from [58]). (b) SEM image of
the end of a cantilever showing its tip, which scans the sample surface
(taken from [59]).
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an AFM is shown in figure 3.1a. It consists of a cantilever with a sharp tip at its end.
A closer view of a tip is shown in figure 3.1b. It points to the sharpness of the tip,
featuring a diameter of about 0.5 m at its top. When this tip is moved above the
sample scanning the surface, it is deflected due to van der Waals (vdW) forces between
the tip and the surface. The deflection is measured by a laser beam that is reflected
from the cantilever into a segmented photodiode. Thus, the degree of deflection of
the cantilever is measured by the photodiode and converted into a voltage. If this
voltage is measured for each scanning point and plotted subsequently, a picture of the
surface of the sample is obtained. The height of the sample can be measured with a
high resolution of below 1 nm, which is more than 200 times better than the optical
diffraction limit. The obtained lateral resolution depends on the density of scanned
points per surface and the diameter of the tip.
Three different main operation modes exist for an AFM: the contact mode, the tapping
mode and the non-contact mode. While in the non-contact mode the tip is not touching
the surface, it is permanently touching the surface in the contact mode. The non-
contact mode only works on hydrophobic samples or when the AFM is operating in
vacuum environment. This is due to the adsorbed fluid layer that is covering the
sample surface consisting mainly of adsorbed water molecules. When this adsorbate
layer is too thick, the tip becomes trapped in it causing unstable feedback and scraping
of the sample. In the contact mode, on the other hand, a force is applied on the
tip, which directly interacts with the surface to overcome the interaction with the
adsorbate layer. The disadvantage of this method is the scraping of the tip on the
surface, which may induce damages. To avoid this, all measurements in this thesis
are done in tapping mode. In this mode the cantilever is resonantly excited up and
down by a small piezoelectric element mounted in the AFM tip holder. When the
tip comes close to the surface, the amplitude of this oscillation is decreasing due to
vdW forces, while the height of the cantilever above the sample is controlled by the
piezoelectric actuator. During the scanning of the surface the height is adjusted to
maintain a constant cantilever oscillation amplitude. In contrast to the contact mode,
where the tip is permanently touching the surface, the tip only taps on the surface
during scanning. Thus, the interactions with the surface are minimized, providing a
non-destructive method to investigate the surface topology of a sample.
The microscope used (Digital Instruments) is placed on a vibration isolation system
(MOD-1 M, Halcyonics GmbH) to avoid distortions of the scanning tip due to external
vibrations. Flat surfaces like Si are needed to study the topology of individual CNTs
and CNT bundles. The outer diameter of a CNT or a bundle can be determined
by its measured height. This is in general a better sign for its diameter than its
measured width, which is increased due to the moving tip during the scanning process
providing a lateral resolution below 10 nm, while the height can be measured with an
accuracy below 1 nm. Since AFM probes the topography of the sample, inner tubes
of a MWCNT and individual SWCNTs within a bundle cannot be investigated.
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3.2 Electron microscopy
The electron microscope is an optical analogue to the conventional light microscope.
The first electron microscope was build by E. Ruska and M. Knoll in 1931 [60] which
was further developed by E. Ruska in 1933, exceeding the resolution possible with
an optical microscope [61]. An electron microscope uses a particle beam of electrons
to probe a sample, which allows a greater resolution and magnification than for light
microscopes, due to the smaller de Broglie wavelength. The de Broglie wavelength λe
for relativistic electrons with the kinetic energy E is given by
λe ≈ h√
2m0E(1 + E2m0c2 )
(3.1)
with the Planck constant h and the rest mass m0. The theoretical resolution of elec-
trons with a kinetic energy of Ekin = 100 keV is about 4 pm, compared to the theoreti-
cal resolution of visible light of about 200 nm. This allows one to investigate individual
molecules with diameters around 1 nm, e.g. carbon nanotubes. Instead of glass lenses
like in the optical microscope, electromagnetic lenses are used which deflect the elec-
tron beam.
The first electron microscopes probe the sample in transmission and are therefore
called transmission electron microscopes (TEM), which earned E. Ruska the Nobel
price in 1986. In 1937 M. v. Ardenne was the first who tried to investigate a sample
not in transmission but by scanning the sample surface and detecting the scattered
secondary electrons created by the electron beam [62]. This different type of electron
microscope is known today as a scanning electron microscope (SEM).
Both electron microscopy methods SEM and TEM are used in this thesis and will be
discussed in section 3.2.1 and section 3.2.2.
3.2.1 Scanning electron microscopy (SEM)
A schematic assembly of a scanning electron microscope is shown in figure 3.2. The
electrons are emitted by an electron gun with a kinetic energy of Ekin = 8 − 30 keV,
which are collimated by a condenser lens and afterwards focused by an objective lens,
forming an electron spot of a few nm in diameter (blue lines). The beam is deflected
in the x- and y-direction by a pair of scanning coils moving the electron beam from
one side to the other over the samples surface just like the raster scanning performed
with atomic force microscopy. In consequence, the lateral resolution of the SEM can
never be better than the diameter of the beam scanning the surface.
If the electrons are capable of transferring enough kinetic energy to the sample, sec-
ondary electrons are emitted (red lines). Due to their low kinetic energy (ESE < 50 eV)
secondary electrons only move a short mean free path before they get absorbed in the
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Figure 3.2: Schematic assembly of an SEM, which scans the surface with a focused
electron beam. Primary electrons are colored blue, while secondary elec-
trons are drawn in red.
sample, therefore the only secondary electron signals detected from the sample are
those arising from the surface. This makes the secondary electron radiation extremely
surface sensitive and therefore especially suited for surface visualization. The excited
secondary electrons are measured in a secondary electron detector for each point of
the scanned area, which is adjusted in a fixed angle to the surface.
The SEM technique provides a wide depth of focus, which enables a large vertical
proportion of the sample to be in focus at the same time. Furthermore, the amount of
electron scattering depends on the angle of the sample surface relative to the incident
electron beam, which gives SEM images a three-dimensional appearance.
Figure 3.3a shows an SEM image of a hole in a perforated Si3N4 membrane which is
overgrown by a network of CNTs. The light spots in the picture are caused by catalyst
particles consisting of metal compounds having a larger atomic number. This increases
the amount of secondary electrons due to the larger amount of weakly bonded valence
electrons. On the other hand Si3N4 is a non-conductive material that leads to charging
effects of the catalyst particles during electron irradiation, which further increases the
amount of secondary electrons.
Since electrons are strongly scattered by their collisions with air molecules, the electron
microscopes have to be run under high-vacuum conditions. When the residual pressure
in the electron microscope is too high, hydrocarbon molecules decompose when inter-
acting with the accelerated electrons. This leads to the creation of amorphous carbon,
which is deposited on the CNTs. This is shown by the white arrow in figure 3.3b for
a small region of an individual CNT that was imaged by SEM at a pressure of about
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1 μm
(a)
50 nm
(b)
Figure 3.3: (a) SEM image of a hole in a perforated Si3N4 membrane which were
measured with an angle of 60 between the surface and the detector. (b)
SEM image of an individual CNT crossing the hole, which shows deposition
of amorphous carbon after SEM measurement at p = 10−6 mbar (white
arrow). The kinetic energy of the incident electrons for both images was
Ekin = 20 keV.
p = 10−6 mbar for several seconds. The blurring of this CNT is because of vibrations
induced by electrical charging. To avoid the deposition of amorphous carbon on the
surface of the CNTs, UHV-SEM measurements are carried out in a UHV-chamber
with a base pressure of about p = 10−10 mbar.
3.2.2 Transmission electron microscopy (TEM)
In TEM, the sample is measured in transmission directly behind the condenser lens
as shown in figure 3.4, which requires thin or perforated samples. In contrast to SEM,
which uses a convergent beam, a phase wave illumination is used, which is deter-
mined by the condenser lens (blue lines). Electrons with a kinetic energy of typically
Ekin = 80 − 300 keV are used for materials science applications with a resolution be-
low 1 A˚. Due to the interaction of the electrons with the electrostatic potential of the
atoms, electrons are scattered. The scattered electrons carry the information about
the structure of the investigated sample (red lines). In TEM, the scattered beams are
brought to interference in the image plane in order to form an image of the sample.
The objective lens provides a fixed magnification, while the projector lens has variable
magnification. Charge coupled device (CCD) cameras equipped with thin film scintil-
lators are used for recording the interference images.
Primary electrons are detected, which are scattered by the sample, requiring larger ac-
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Figure 3.4: Schematic assembly of an TEM. Electrons are scattered by the sample,
where primary electrons are colored blue and diffracted electrons are drawn
in red.
celeration energies compared to SEM. The theoretical resolution depends on the energy
of the electrons, allowing higher resolution for higher acceleration energies. Due to the
larger acceleration voltage TEMs require with a base pressure below p = 10−8 mbar a
better vacuum than conventional SEMs, which also prevents electron induced deposi-
tion of amorphous carbon.
Because the sample is not scanned as for AFM or SEM, the resolution is theoretically
only restricted by the de Broglie wavelength λe (equation 3.1). In reality it is reduced
by aberration effects which can be distinguished into geometrical and chromatic aber-
rations. Chromatic aberrations are caused by the dependency of electron refraction
on its kinetic energy in a magnetic field. This effect can be reduced by using energy
filters to decrease the energy distribution of the electrons within the beam. Geo-
metric aberration like the spherical aberration can be corrected by additional lenses.
As illustrated in figure 3.5a, the refraction of the electrons depends on their angle
to the optical axis. Thus, electrons that are scattered in the sample at high angles
come to a focus in front of the Gaussian image plane. Therefore, a single point P
of the investigated sample is broadened into a point-spread disc with radius R [63].
Spherical aberration is compensated by adding a suitable diverging lens right after the
converging lens as shown in figure 3.5b, which corrects the larger deflection for larger
scattering angles. This is achieved in high resolution (HR)TEM by a double hexapole
system [65] resulting in a nearly ideal converging lens, that projects each point P of
the sample to a single point of the image. For thin samples, a full compensation of
wave aberrations is undesired: thin samples are phase objects and no contrast would
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Figure 3.5: (a) Schematic illustration of the spherical aberration of a converging lens,
which transforms a point P of the sample to a point-spread disc of radius
R on the detector. (b) Compensation of the spherical aberration by adding
a converging lens, which corrects the larger deflection for larger scattering
angles (taken from [63]). Converging lenses can be realized in electron
optics by a combination of multi-pole lenses. (c) Direct determination of
the chirality of a SWCNT by HRTEM at 80 keV showing its high resolution
allowing the investigation of single C-C bonds. This tube could be assigned
as a (19,19) SWCNT, while its atomic structure is illustrated on the right
side [64].
be seen if there were no aberrations. Therefore, in order to approximate a Zernike
phase plate for phase contrast imaging, a small spherical aberration is balanced by an
appropriately chosen defocus [66].
TEM measurements were carried out in cooperation with the AG Urban at the Ernst
Ruska Centre (ER-C) in Ju¨lich, where conventional TEM measurements were done in
a Philips CM20 FEG instrument operated at 120 keV, while the HRTEM character-
ization was carried out in an FEI Titan 80-300 microscope equipped with a double-
hexapole aberration corrector at an acceleration voltage of 80 keV. The corrector ele-
ments were adjusted to provide a negative value of the spherical aberration constant
C40. The particular choice of
C40 = −6427λ
−3
e g
−4
max = −52 m (3.2)
balanced by a slight overfocus
Z = +
8
3
λeg
−2
max = +12 m (3.3)
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Figure 3.6: (a) First and (b) last image of a focus series measured with HRTEM at
80 keV. The time elapsed between image (a) and (b) is 30 seconds. Atoms
appear black in under-focus (a), while they are white in over-focus (b).
TEM induced defects (black arrows in (b)) preferably occur at pre-existing
defects or deposited amorphous carbon (black arrows in (a)). The white
arrow in (b) points at C60 molecules that coalesce forming a new inner
layer.
extends the point resolution of the instrument up to its information limit
gmax ≈ 5 nm−1, (3.4)
where λe is the electron wavelength at 80 keV [67]. These negative spherical aber-
ration imaging conditions (NCSI) provide optimized phase contrast and directly
interpretable bright atom contrast for the ease of structure interpretation [68]. Since
the CNT structures investigated here are weakly scattering phase objects, NCSI
imaging is particulary applicable and valuable for their direct study. This is shown
in figure 3.5c, where the chirality of a SWCNT could be determined directly by its
HRTEM image. This individual CNT was identified as a (19,19) armchair SWCNT
[64]. Due to the strong electric potential of the C-C bonds that interacts with the
accelerated electrons, not individual atoms but their bonds are highlighted with
a distance of 2.46 A˚. Because of the two-dimensional projection during HRTEM
imaging the layers of the SWCNT appear as parallel lines, while their distance equals
the diameter of the SWCNT.
It is well known that exposure to an electron beam can damage CNTs. It has
been shown theoretically and confirmed experimentally that knock-on damage of
unstrained C-C-bonds by the electron beam does not occur for energies below 86 keV
[69]. If damage is seen at smaller electron energies, intrinsic or induced defects were
present before the imaging. Figure 3.6 shows an individual MWCNT, that was filled
with C60 molecules and has been investigated by a focus series at 80 keV. The total
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irradiation time between the first image (figure 3.6a) and the last image (figure 3.6b)
was 30 seconds. The black arrows in figure 3.6a point at pre-existing defects like
amorphous carbon sticking on the outer layer and defects within individual layers.
After 30 seconds, a destruction of the outer layer is clearly visible, marked by black
arrows in figure 3.6b, and the damage occurs preferably at pre-existent defects sides.
This finding is consistent to electron irradiation effects for isolated SWCNTs observed
by Smith et al. [69], who could not observe defects induced by the electron beam for
acceleration energies below 100 keV. Thus, at 80 keV no knock-on damage should
be induced, while pre-existing defects grow during electron irradiation due to local
heating of the sample [34].
Especially C60 molecules are affected by electron irradiation due to their stronger
curvature compared to CNTs, and coalesce forming higher fullerenes [70]. This may
even lead to the formation of new inner layers, which arrange in the vdW distance
to the innermost layer as shown by the white arrow in figure 3.6b compared to
figure 3.6a. This effect is comparable with the transformation of C60 molecules inside
SWNTs into DWCNTs after annealing in vacuum above 900 [71].
To minimize these effects all HRTEM measurements in this thesis were done at
80 keV, while the intensity and the exposure time of the electron beam was mini-
mized. However, the growth of pre-existent defects and the coalescence of individual
C60 molecules cannot be avoided completely. Therefore, Raman spectroscopy is
used as an additional characterization method, which allows a non-destructive
characterization of individual CNTs.
3.3 Raman spectroscopy
Scattering of photons in molecules can be distinguished into elastic and inelastic scat-
tering, which was first observed by C. V. Raman in 1928 [72], who received the Nobel
prize for his discovery in 1930. Since vibrational information is specific to the chemical
bonds and the symmetry of the molecule, Raman spectroscopy permits one to identify
molecules by their characteristic set of phonon modes.
As illustrated in figure 3.7, Rayleigh scattering is the elastic scattering of a photon
with the energy hν, which is absorbed exciting the molecule into a virtual state (blue
arrows). The molecule relaxes to its initial vibrational state (red arrow), while a pho-
ton with the energy hν is emitted, which equals the energy of the previously absorbed
photon. Inelastic scattering occurs when the final state is different from the initial
state. In the case of Stokes Raman scattering the molecule does not relax to its initial
state, but to an excited vibrational state (green arrow) creating a phonon with the
energy hν ′. Thus, the emitted photon has a smaller energy of h(ν − ν ′) compared to
the absorbed photon. In contrast to that, the initial state of the Anti-Stokes Raman
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Figure 3.7: Illustration of elastic and inelastic scattering processes of phonons in
molecules. Light induced transitions are shown by blue arrows, while
Rayleigh transitions are red, Stokes transitions green and Anti-Stokes tran-
sitions purple.
scattering process is already an excited state. Therefore the molecule relaxes to a
vibrational state with a smaller energy of hν′ < hν (purple arrow) and a photon with
a higher energy of h(ν + ν ′) is emitted. When monochromatic light is used for excita-
tion e.g. by using a laser, these processes lead to frequency up- and downshifts, which
can be observed in the Raman spectrum as Stokes and Anti-Stokes lines, respectively,
providing information of phonon modes in the molecule. According to the Boltzmann
distribution, ground states are primarily populated compared to excited states, which
leads to a higher intensity of the Stokes Raman lines than the Anti-Stokes lines at
room temperature. Therefore, all Raman spectra presented in this thesis which are
measured at room temperature are investigated by Stokes Raman scattering.
Due to the small cross-section of Raman scattering of 10−28 cm2 to 10−31 cm2 [73], the
intensity of the Raman peaks is much smaller than the elastic Rayleigh peak at the
initial laser frequency, which can be suppressed by a notch filter.
Only those vibrations that are associated with a change of polarizability are Raman-
active, while vibrations that are associated with a change of the dipole moment are
IR-active. When the electric field of the incident light E = E0 cos(2πνt) is interacting
with a bond within the molecule, a dipole moment μ is induced depending on the
polarizability α0 of the sample given by
μ = α0E0 cos 2πνt. (3.5)
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If the molecule is vibrating with the frequency ν ′ associated with a change of the
geometry and of the polarization, the resulting polarizability is
α = α0 + α′ cos 2πν ′t + h.c. (3.6)
leading to the dipole moment
μ = α0E0 cos 2πνt︸ ︷︷ ︸
Rayleigh
+
1
2
α′E0 cos 2π(ν − ν ′)t︸ ︷︷ ︸
Stokes
+
1
2
α′E0 cos 2π(ν + ν ′)t︸ ︷︷ ︸
Anti-Stokes
, (3.7)
which includes the frequencies of the elastic Rayleigh and the inelastic Stokes and Anti-
Stokes scattering as shown in figure 3.7. It can be clearly seen in equation 3.7 that
Raman scattering only occurs in the case of vibrations that change their polarizability
(α′ = 0).
3.3.1 Confocal Raman spectroscopy
The confocal Raman setup allows one to selectively investigate specific small areas
on the substrate. It was invented by M. Minsky in 1955, when he built a confocal
scanning microscope to investigate human neurons [74]. The assembly of a confocal
setup is shown schematically in figure 3.8. The beam of a laser (blue lines) is reduced
in diameter by a pinhole and redirected by a dichromatic mirror into the microscope.
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Figure 3.8: Schematic assembly of the confocal Raman spectroscopy. The spatial res-
olution is increased by placing a second pinhole before the spectrometer,
which blocks points, that are out of focus (green lines), while points, that
are in focus (red lines) can pass.
33
3 Experimental methods
The objective focuses the laser beam onto the sample resulting in a spot diameter of
approximately 1 m, which allows one to measure single molecules. The reflected light
(red lines) passing the dichromatic mirror enters a second pinhole, which blocks light
scattered from points of the sample, that are out of focus (green lines). This increases
the spatial resolution and avoids background blurring, leading to an optimized signal-
to-noise ratio in the observed Raman spectrum. Afterwards the reflected light is
analyzed with a spectrometer, which consists of a triple monochromator. The first
and second monochromator provide the reduction of diffuse light acting as a band
pass filter, while the third monochromator diffracts the light and projects the range
of interest onto a nitrogen cooled CCD. All spectra are calibrated using a neon lamp.
Frequency dependent Raman measurements were done in cooperation with the AG
Thomsen at the TU Berlin using a Dilor XY 800 triple monochromator providing a
spectral resolution of 0.1 cm−1 with an Ar-Kr laser, a dye laser or a Ti-Sa laser. The
spectra are recorded depending on the wavelength by either using a Si or Ge based
CCD. Confocal Raman measurements at a laser wavelength of 488 nm were done using
a Jobin Yvon T64000 spectrometer providing a spectral resolution of 0.72 cm−1 excited
by an Ar laser. Due to the small illuminated area of the sample, the photon flux
interacting with the molecule is increased. Therefore, the laser power was limited to
P = 0.5mW in all measurements to avoid thermal heating of the CNTs [75].
3.3.2 Fourier transform Raman spectroscopy
The first Fourier transform (FT) Raman spectrum was measured by Weber et al. in
1984 [76]. The core of an FT-Raman spectrometer is not a monochromator as in
confocal Raman spectroscopy, but a Michelson interferometer as shown schematically
in figure 3.9a. The laser beam reflected from the sample is split in two components
labeled as I and II by a plate (P1), which is coated with a semitransparent layer on
its backside (S). Beam I is reflected by a fixed mirror (S1) passing a second plate with
equal diameter (P2) twice to compensate the optical path difference between both
beam components. Beam II is reflected by the semitransparent layer (S) and redi-
rected onto a mirror (S2), which is moving the range of a whole wavelength along the
beam axis with a constant velocity v. By passing the semitransparent layer a second
time, both beam components interfere and are redirected to the detector, where an
interference pattern can be observed, as shown in figure 3.9b. After Raman scattering
the monochromatic laser beam consists of waves with different frequencies as shown in
the inset above, resulting in an intensity dependence on the position x of the moving
mirror (S2). Because of its finite number of points N with a distance Δx the discrete
spectrum S(kΔν) is calculated by discrete Fourier transformation (DFT) according to
S(kΔν) =
N−1∑
n=1
I(nΔx) exp
i2πkΔνnΔx
N
Δx. (3.8)
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Figure 3.9: (a) Schematic assembly of a Michelson interferometer. (b) Measured inter-
ference pattern consisting of different frequencies due to Raman scattering
of the monochromatic laser frequency at the sample.
The distance between two adjacent points in the spectrum
Δν =
1
NΔx
(3.9)
determines the spectral resolution, which depends on the number N of measured points
and on the length Δx of the path of the moving mirror.
The number of points can be increased by adding zeros to the beginning and the end
of the interference pattern before the DFT (zero filling). This interpolation results in
a smoothing of the obtained spectrum, but adds no additional frequency information.
Due to its finite length, the interference pattern can be described as an infinite pattern
which is multiplied by a rectangular function being 1 all along the measured interfer-
ence pattern and rapidly decreasing to 0 at its borders. The Fourier transform of a
rectangular function is the Sinc function, which shows additional side peaks creating
artefacts in the resulting spectrum. This can be avoided by masking the interference
pattern with an apodization function, which smoothes the pattern at its borders. This
results in a decrease of the additional side peaks, but also increases the line width in
the obtained spectrum, decreasing the spectral resolution. For all FT-Raman mea-
surements presented in this thesis, the Blackman-Harris apodization function is used,
which is optimized with respect to small line broadening and strong suppression of
additional sidepeaks.
FT-Raman spectroscopy is done using a Bruker RAM II spectrometer providing a
spectral resolution of 1 cm−1. It is equipped with a Nd:YAG laser with a wavelength
of λ = 1064 nm operating at a laser power of P = 200mW. In contrast to the confocal
setup the laser beam is not focused on the sample, resulting in a large illuminated
area on the sample.
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3.3.3 Raman spectroscopy of CNTs
CNTs can be identified by their characteristic phonon modes, which arise from their
different atomic vibrations. Figure 3.10 shows an FT-Raman spectrum of a pristine
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Figure 3.10: FT-Raman spectrum of a pristine bulk sample of CNTs measured at a
laser wavelength of λ = 1064 nm with its characteristic phonon modes.
bulk sample of CNTs, where the characteristic phonon modes are labeled with their
name and their observed frequency. The radial breathing modes (RBMs), which are lo-
cated between 130 cm−1 and 350 cm−1 and the most prominent G-Mode located around
1590 cm−1 are first order Raman transitions, while the D-Mode around 1275 cm−1 and
its overtone the D*-Mode at around 2540 cm−1 are second order Raman transitions.
In contrast to the first order modes, the latter show a strong energy dispersion [77].
Their exact position and intensity depends on the atomic structure of the investigated
CNTs and will be discussed in the following in more detail. Intermediate modes that
are not labeled are mixed phonon modes and are not of interest within the frame of
this thesis. Due to the strong coupling of electronic states and phonon modes in CNTs,
Raman spectroscopy probes both the phonon spectrum and the electronic structure
of CNTs [33].
Resonant Raman scattering
Raman scattering is called resonant if the virtual state is replaced by a real electronic
state. The excitation energy has to match the optical transition energy given by
the separation of two corresponding vHSs in the DOS (see chapter 2.2). Due to the
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Figure 3.11: (a) Optical transitions occur between the i-th vHS above and below the
Fermi-level, where M and S denote metallic and semiconducting CNTs
respectively as shown for the calculated DOS of a metallic (10,10), chiral
(11,9) and zigzag (22,0) SWCNT (taken from [78]). (b) Calculated res-
onance profile for an RBM (red) resulting from the incoming (blue) and
the outgoing (green) resonance. Resonance transitions are illustrated for
both resonances beside each peak, where virtual states and real states are
drawn as dashed and solid lines respectively.
selection rules for optical transitions parallel to the tube axis, this is only allowed for
vHSs with the same index i, as shown in figure 3.11a. It has to be noted that i is
not equal to the quantum number m, which usually differs for different chiralities,
changing the order of the bands in the DOS.
The singularities in the DOS lead to a strong resonance behavior, which is most
pronounced for the RBMs. The intensity is increased in resonance by approximately
a factor of 103 in comparison to the intensity for a non-resonance Raman process [77].
This allows one to measure the RBM of an individual SWCNT, where its resonance
profile is a superposition of an incoming and an outgoing resonance described by
I(EL) ∝
∣∣∣∣∣∣∣∣∣
1
EL −Eii − iγ/2︸ ︷︷ ︸
incoming resonance
− 1
EL − hνRBM − Eii − iγ/2︸ ︷︷ ︸
outgoing resonance
∣∣∣∣∣∣∣∣∣
2
(3.10)
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with the laser energy EL, the optical transition energy Eii, the observed RBM fre-
quency νRBM and an equal width (FWHM) of both resonance curves γ [79]. The
optical matrix elements are thereby assumed to be constant. As seen in equation 3.10,
the incoming resonance occurs when EL = Eii, while the outgoing resonance occurs
when EL = Eii +hνRBM, resulting in two nearby Lorentzian peaks. When the incom-
ing and the outgoing resonance are not resolved in the measured spectrum a single
peak is observed, which can be fitted according to equation 3.10 by
I(EL) =
A
((EL − Eii)2 + γ2/4) ((EL − 102hcωRBM − Eii)2 + γ2/4) (3.11)
with a constant A, the Planck constant h, the speed of light c and the measured
wave number of the RBM ωRBM [80]. The resulting resonance profile is shown in
figure 3.11b (red curve) arising from an incoming (blue curve) and an outgoing (green
curve) resonance assuming a RBM wave number of ωRBM = 200 cm−1, a line width
of γ = 60meV and a transition energy of Eii = 2.0 eV. The corresponding resonance
transitions are illustrated for both resonances in the insets beside each peak. The
RBM features a relatively small resonance window of 8meV for individual SWCNTs
[81], 60meV for individual SWCNT coated with SDS in an aqueous solution [79] and
120meV for SWCNT bundles [75].
Since the chiral index completely characterizes the atomic and electronic structure of
an individual SWCNT, its determination is of major importance for subsequent exper-
iments on the same SWCNT. At optimal conditions the chiral index can be determined
by HRTEM as shown in chapter 3.2.2. But due to the two-dimensional projection of
the obtained images, this is difficult for MWCNTs, bundles or peapods. As will be
shown in chapter 5, resonant Raman scattering (RRS) provides access to the diame-
ter and the chiral index of individual SWCNTs within a bundle or MWCNTs. The
RBM frequency alone will never be sufficient for an unambiguous chirality assignment,
because it depends on the environment of the investigated SWCNTs. Therefore, the
resonant excitation energy Eii is needed as a second parameter, which can be de-
termined with high accuracy according to equation 3.11 by resonance profiles of the
investigated RBM. Furthermore, Raman spectroscopy is - in contrast to HRTEM - a
non-destructive characterization method, which allows the investigation of individual
SWCNTs prior to further experiments.
The radial breathing mode
The radial breathing mode (RBM) is located in the low-frequency region of the Ra-
man spectrum with a linewidth of about 4 cm−1 for an individual SWCNT [82]. As
explained above, it shows a strong resonance effect and can only be measured in reso-
nance. It originates from a vibration with radial symmetry relating to the tube axis,
where all carbon atoms within a SWCNT move outwards or inwards simultaneously.
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This vibration is illustrated in figure 3.12 and is a characteristic phonon mode of CNTs
Figure 3.12: Illustration of the sym-
metric vibration caus-
ing the RBM. All car-
bon atoms vibrate si-
multaneously outwards
or inwards in radial
direction.
arising from the cylindrical structure of CNTs. As discussed in chapter 2.2 the optical
transition energies Eii are diameter dependent leading to a diameter dependency of
the RBM as well. It disappears for graphite, which can be seen as a CNT with an
infinite diameter with dT →∞. Being a first order Raman effect, the frequency of the
RBM ω
RBM
is not dispersive and can therefore be used to estimate the diameter of
investigated SWCNTs by
ω
RBM
= A/d
T
, (3.12)
where A is a constant sample-dependent parameter, which varies for different sub-
strates. Thus, at a fixed wavelength, only tubes with a certain diameter are resonant.
This is shown in the Kataura plot in figure 3.13a, which depicts the dependency of
the transitions energies on the tube diameter for semiconducting (S) and metallic (M)
SWCNTs for each chiral vector (n1, n2) [83] using equation 2.7 with γ0 = 2.9 eV [77].
The energy transitions are separated by their families, where filled circles denote semi-
conducting type I (ν = −1), open circles semiconducting type II (ν = +1) and stars
(semi)metallic SWCNTs (ν = 0).
Due to their mirror symmetry perpendicular to the tube axis, only armchair CNTs
show a purely radial vibration which is described by the 1/d
T
-dependency of the RBM
frequency. All other chiralities n1 = n2 have a small axial component, which is largest
for zigzag SWCNTs [36]. In this case the frequency of the RBM also depends on
the chirality of the observed SWCNT, which leads to small deviations from its 1/d
T
-
dependency due to the trigonal warping effect as discussed in chapter 2.3. This induces
a spreading of the different families for higher energies and larger diameters, which
split into different v-shaped branches as illustrated in figure 3.13b. Within a branch
the branch index
β = 2n1 + n2 (3.13)
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Figure 3.13: (a) Kataura plot showing the resonant transition energies depending on
the diameter for semiconducting type I (filled circles), semiconducting
type II (open circles) and metallic SWCNTs (stars) (taken from [77]).
(b) Family branches of the Kataura plot for semiconducting (black) and
metallic (grey) SWCNTs. Armchair SWCNTs are denoted by filled circles
and zigzag SWCNTs by open squares. Different branches are labeled with
their branch index β and their family index ν (taken from [36]).
is constant and the chiral index of a neighboring SWCNT with larger diameters is
given by
n′1 = n1 − 1 and n′2 = n2 + 2, n1 ≥ n2 (3.14)
for a SWCNT with the chiral index (n1, n2) [36]. Thus, armchair tubes which strictly
follow the 1/d
T
-dependence showing no splitting due to the trigonal warping effect, are
located at the centers of the metallic v-shaped branches and are represented by filled
circles in figure 3.13b. Zigzag tubes are represented by open squares and are located
at the end of the branches. For the ES11 transition semiconducting type I SWCNTs
with ν = −1 are up-shifted with increasing chiral angle, while semiconducting type II
SWCNTs with ν = +1 are down-shifted. This situation is vice versa for ES22 transitions
due to the trigonal distortions of the graphene band structure around the K-points
and alternates for higher transition energies [36].
The splitting of the transition energies induced by the trigonal warping effect allows
one to obtain the chiral index of individual SWCNTs by their RBM frequency and
their optical transition energy. Especially for CNTs with large diameters and low tran-
sition energies the splitting of the family branches is rather small and requires a high
precision in the measurement of the optical transition energy. This can be obtained
by resonant profiles of individual RBMs using a tunable laser system as will be shown
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(a) (b)
Figure 3.14: (a) Calculated BLM frequencies for MWCNTs with inner tube radii RIN
of 10 A˚, 15 A˚ and 30 A˚ for increasing number of layers (taken from [84]).
(b) Calculated spectra of (7,7)@(12,12) DWCNT bundles for increasing
number of tubes Nt in the bundle (taken from [85]).
in chapter 5.
The RBM frequency of individual tubes within a MWCNT deviates from the 1/d
T
-
dependence due to the coupling of individual RBMs caused by inter-layer vdW inter-
actions. Thus, instead of individual RBM frequencies arising from the radial vibration
of a specific SWCNT with a characteristic diameter according to equation 3.12, cou-
pled breathing-like modes (BLMs) arise for MWCNTs [84]. Rahmani et al. calculated
the BLMs for DWCNTs with different chiralities and could show that a low-frequency
BLM and and a high-frequency BLM arise [85]. These can be assigned to in-phase
and counter-phase motions of both tubes respectively, while the frequencies of the
BLMs do not significantly depend on the chirality of the individual SWCNTs. Popov
et al. calculated the BLMs for MWCNTs with more layers and observed intermedi-
ate modes of mixed character beside the in-phase and counter-phase mode [84]. The
frequency of the BLMs is upshifted compared to the frequencies of the RBMs of indi-
vidual SWCNTs, while the number of existing BLMs equals to the number of involved
SWCNTs within a MWCNT. This is shown in figure 3.14a depending on the number
of layers for different inner diameters RIN. For larger numbers of layers and larger
inner diameters the frequency of the counter-phase mode tends to the frequency of
the acoustic out-of-plane B2g-mode of graphite at 127 cm−1 (marked by a dashed hor-
izontal line), while the in-phase mode is decreasing to zero for an increasing number
of layers. For smaller inner diameters, the counter-phase mode of MWCNTs is sig-
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nificantly higher than the B2g-mode in graphite and decreases monotonically to this
value for increasing number of layers.
The phonon coupling induces non-linear shifts of the BLMs, which depend on the
eigenfrequencies of each contributing SWCNT. Thus, the frequency of the BLMs can
only be obtained by numeric models as will be shown in chapter 6.
Coupling of phonon modes also occurs for bundles as mentioned in chapter 2.5, which
leads to new phonon modes induced by the inter-tube coupling in bundles called bun-
dle breathing like mode (BBLM) [85]. This is shown in the calculated Raman spectra
in figure 3.14b for a bundle of (7,7)@(12,12) DWCNTs, while the number of DWCNTs
in the bundle increases from Nt = 1 to Nt = ∞. The most prominent peaks are the
BLMs originating from the (7,7) and the (12,12) SWCNTs, while the BLM of the
outer tube is up-shifted due to the bundling effect. Between the two BLMs several
weak peaks appear for Nt = 2 − 19, while the BBLM around 211 cm−1 is the most
prominent one, which appears even in the spectrum of CNT crystals with Nt = ∞.
According to Rahmani et al. this peak can be calculated by
ωBBLM =
ABBLM
douter
− CBBLM (3.15)
with ABBLM = 378 cm−1nm and CBBLM = 16.5 cm−1 for given outer tube diameters
douter. The experimental evidence for this mode will be discussed in chapter 6.2.
In general, the RBM allows one to completely characterize the atomic structure of
investigated SWCNTs depending on the optical transition energy. This is even possi-
ble for MWCNTs and bundles when their special environment is taken into account.
However, its rather small resonance window makes it difficult to observe the RBM for
an individual CNT, and its intensity is rather small in bulk samples compared to the
other phonon modes as shown in figure 3.10.
The G-mode
The G-mode, which is located around 1590 cm−1, is the most prominent peak in the
Raman spectrum (figure 3.10) and arises from tangential vibrations of the C atoms
against each other. In contrast to the Raman spectrum observed for graphite, where
the G-Mode appears as a single Lorentzian peak at 1582 cm−1 [86], the G-mode splits
into two components for CNTs. These two modes are labeled with G− (red) and
G+ (blue) in figure 3.15a. They have their origin in vibrations perpendicular to (red
arrows) and along (blue arrows) the tube axis respectively as shown in the inset. Due
to the curvature effect, the bond length perpendicular to the tube axis depends on the
diameter of the CNTs. Thus, the G−-mode shows a diameter dependency, while the
G+-mode is diameter independent as shown in figure 3.15b. The splitting between G−
and G+ decreases for larger tube diameters and disappears for an infinite diameter,
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Figure 3.15: (a) G-mode of a bulk sample measured at a laser wavelength of
λ = 1064 nm. The inset illustrates the vibrations of the G−- and
G+-mode, which are fitted as red and blue curves respectively. The mea-
sured frequencies of both components are given in braces. (b) Diameter
dependence of the frequency of the G−-mode ωG− and the G
+-mode ωG+
for metallic (open circles) and semiconducting (solid circles) SWCNTs
(taken from [77]).
which can be seen as an graphene sheet. According to Dresselhaus et al. the frequency
of the G−-mode ωG− depending on the tube diameter dT is given by
ωG− = ω
G
0 + β/d
2
T (3.16)
with the position of the G-mode in graphite ωG0 = 1591 cm
−1 and β = −45.7 cm−1nm2
for semiconducting and β = −79.5 cm−1nm2 for metallic CNTs [77]. This equation
makes a determination of the diameter of an individual CNT with small diameter
possible, which show a resolvable splitting between G− and G+. For bulk samples
the G−-mode is broadened, providing a nearly Gaussian line shape due to averaging
over different diameters and types of CNTs. It appears as a small side peak of the
G+-mode as shown in figure 3.15a.
The difference in the atomic structure of CNTs leads to a different position of the G−-
mode for metallic and semiconducting CNTs, as shown in figure 3.15b, but also changes
the line shape of the G−-mode. While semiconducting CNTs show a Lorentzian line
shape of the G−-mode, the line shape of the G−-mode is asymmetrically broadened and
increased in intensity for metallic CNTs as described by the Breit-Wigner-Fano line
shape [87]. Thus, also the electronic properties of individual CNTs can be determined
by the G−-mode.
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Figure 3.16: (a) Illustration of the vibration causing the phonon contributing to the D-
and D*-mode. (b-c) Scheme of the double resonant scattering processes
for (b) the D-mode arising from an inelastic (solid arrows) and an elastic
(dashed arrow) phonon scattering process and (c) the D∗-mode arising
from two inelastic phonon processes around the K-point.
The D-mode and the D∗-mode
The D and D∗-modes are second order Raman transitions and arise from two scatter-
ing processes. They appear in the Raman spectrum around 1375 cm−1 and 2540 cm−1
respectively. The D- and the D∗-mode arise from the phonon mode associated with the
radial vibration of the C atoms against each other within a graphene hexagon as shown
in figure 3.16a. In second order Raman processes, an electron is excited by absorbing
a photon at a k-state, which is scattered to a k + q-state and afterwards back to a
k-state before it recombines with a hole emitting a photon as shown in figure 3.16b
and 3.16c. The scattering process of the D-mode (figure 3.16b) consists of an inelastic
scattering event with scattering wave vector q (solid arrow) and an elastic scattering
event (dashed arrow), while the D∗-mode arises from two inelastic scattering events
with scattering wave vectors q and −q (figure 3.16c). Thus, both modes arise from
the same inelastic scattering event with scattering wave vector q, which contributes
twice to the D∗-mode. Therefore, the D∗-mode is called the overtone of the D-mode
and appears approximately at the doubled frequency. It has to be noted that the D-
and the D∗-mode arise from inter-valley transitions around two neighboring K-points
K and K’ [88].
Elastic scattering is induced by defects of the graphene structure. Thus, the D-mode
disappears for defect free structures like highly ordered pyrolytic graphite (HOPG)
as shown in figure 3.17a. The D-mode is also called “defect-mode” and its intensity
in the Raman spectrum increases linearly with the number of defects [33]. To obtain
comparable values for the quality of a sample, the number of defects has to be related
to the amount of carbon within the sample. This is done by the D/G-ratio, which is
calculated by the intensity of the D-mode divided by the intensity of the G-mode being
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(a) (b)
Figure 3.17: (a) Raman spectra showing the region of the D-, G- and D∗-mode of
highly ordered pyrolytic graphite (HOPG), graphite crystallites and car-
bon nanotubes (taken from [89]). (b) Energy dispersion of the frequency
of the D- (open circles) and D*-mode (filled circles) being second order
Raman processes (taken from [36]).
present for all carbon materials. Disordered carbon structures like amorphous carbon
also show a strong D-mode, which makes the D/G-ratio an indicator for the purity of
the CNTs [90]. The D/G-ratio is therefore used as a sign for the structural integrity of
the CNTs and of the amount of amorphous carbon within a sample. However, these
two origins cannot be discriminated by Raman spectroscopy alone.
The D∗-mode on the other hand is independent of the quality of the graphite sam-
ple, but differs in shape and frequency for different amounts of graphite layers, as
investigated by Ferrari et al. [91] and shown in figure 3.17a for HOPG compared to
CNTs. Since the D∗-mode arises from two inelastic electron scattering processes, it is
strongly related to the electronic structure of the sample. Corio et al. showed that the
D∗-mode is up-shifted while applying a negative electronic potential to the sample,
which induces a controlled up-shift of the Fermi-level [92].
This strong dependence of the frequency of the D∗-mode on the electronic structure
makes the D∗-mode also sensitive to the bond length of the C atoms within the CNTs.
This was shown by Cooper et al. for SWCNTs and MWCNTs after applying a surface
strain, which slightly increases the bond lengths within the CNTs leading to a down-
shift of the D∗-mode. In contrast, he observed an up-shift of the D∗-mode for SWNTs
measured under external pressure due to slightly decreased bond lengths [93].
Due to the radial components of the phonon vibration shown in figure 3.16a, the D-
mode and the D∗-mode have a slight dependency on the tube diameter dT. Both the
D-mode and the D∗-mode, being second order Raman processes, have additionally a
strong energy dispersion as shown in figure 3.17b for individual SWCNTs [36]. Thus,
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their observed frequency in the Raman spectrum depends additionally on the exci-
tation energy used. According to Dresselhaus et al. the diameter dependency of the
D-mode and the D∗-mode at a laser wavelength of λ = 514 nm is given by
ωD = ωD0 + AD/dT and (3.17)
ωD∗ = ωD
∗
0 + AD∗/dT (3.18)
with AD = −16.5 cm−1nm and AD∗ = −35.4 cm−1nm for the D-mode and D∗-mode
respectively, where ωD0 = 1356 cm
−1 and ωD∗0 = 2704 cm−1 are the values for graphene
with dT →∞ [77].
Both second order Raman modes depend on various structural and electronic prop-
erties, which makes the interpretation of their observed frequencies difficult. But in
correlation to the first order modes and to microscopic data, they provide additional
information about the electronic and atomic structure of the investigated CNTs and
their environment at a selected excitation energy.
3.4 Comparison of the methods used
In this chapter, the most important methods for the characterization of CNTs are
discussed. They have different properties and feature different capabilities.
AFM provides the characterization of the diameter of CNTs, which are grown on
flat substrates, but cannot characterize the inner structure of individual MWCNTs
or CNTs in a bundle. SEM is also a surface sensitive microscopy method, but makes
the investigation of CNTs grown over holes of perforated membranes possible, which
are not accessible by AFM. To avoid the contamination of the samples with amor-
phous carbon created by the electron induced decomposition of hydrocarbon molecules,
UHV-conditions are necessary. UHV-SEM as well as AFM using the tapping mode
are non-destructive, which allows one to pre-characterize the morphology of substrates
prior to further measurements.
For TEM, the samples are measured in transmission, which allows one to probe the
inner structure of CNTs revealing their number of layers and their filling. Due to aber-
ration correction, HRTEM features a spatial resolution that makes a investigation of
individual bonds in CNTs possible, providing a tool for the direct determination of the
chiral vector of a SWCNT. Perforated membranes are needed for HRTEM measure-
ments because of the small contrast of C atoms arising from their small cross-section.
Due to the high acceleration energy used by HRTEM compared to SEM, CNTs are
damaged during electron irradiation, starting from pre-existent defects, even at accel-
eration energies below the knock-on damage. Therefore HRTEM is used to characterize
individual CNTs grown over holes after prior Raman measurements providing a direct
correlation of the microscopically determined molecular arrangements of CNTs and
their resulting electronic structures.
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Raman spectroscopy allows one to investigate individual CNTs on substrates by using
a confocal setup focussing the laser beam to a small sample area or bulk samples by
FT-Raman, where a large sample area is illuminated. This is not possible with the
other mentioned characterization methods including confocal Raman spectroscopy,
which only provide a small field of view, raising the possibility that the region ana-
lyzed may not be characteristic for the whole sample. It is difficult to interpret changes
in the phonon spectrum, which are caused by a change of the electronic structure of
the observed CNTs and may be induced by different effects. Nevertheless, Raman
spectroscopy allows one to determine the family and the diameter of an investigated
CNT and to selectively observe individual CNTs in bundles by using a resonant laser
excitation. In the case of confocal Raman spectroscopy, the power of the laser must
be limited to avoid damage to the CNTs caused by local heating.
Because of the complimentary information provided by each characterization method
a correlation of these methods helps to get a better overview of the structure of inves-
tigated CNTs. Especially HRTEM is used to understand the influence of the structure
on the phonon spectrum which may provide the usage of Raman spectroscopy as a ad-
ditional pre-characterization method to probe the electronic structure of an individual
CNT or peapod.
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Chapter 4
Growth of carbon nanotubes
There are three main techniques used to synthesize carbon nanotubes: arc discharge,
laser vaporization and chemical vapor deposition, which feature different possibilities
and limitations that are discussed in the following.
The arc discharge method is the one by which CNTs were first investigated by Iijima
et al. in 1991 [1]. It was developed by Kra¨tschmer et al. in 1990 as a method for
the mass production of fullerenes, which are produced by the evaporation of graphite
rods in contact using an ac voltage in an inert gas (typically He) [94]. Fullerenes are
generated from the evaporated anode in the form of soot in the chamber. Using TEM
Iijima et al. found MWCNTs formed in the soot deposited on the cathode [1], while
SWCNTs can be synthesized by doping of the anode with transition metal catalysts
like Fe or Co [95, 96].
The laser vaporization method was developed by Smalley et al. to investigate the for-
mation of carbon clusters, which led to the discovery of the C60 molecule in 1985 [97].
A graphite target is vaporized by a laser beam inside of a quartz tube, which is flushed
with Ar at a constant flow rate and placed in a furnace (laser furnace method). Doping
the target with catalyst particles allows for control of the diameter distribution of the
produced CNTs [98].
Chemical vapor deposition (CVD) was used since 1959 for the production of carbon
filaments and fibers. In contrast to the arc discharge and laser furnace method, no
graphite is vaporized. Instead the carbon required for the CNT growth is provided
by the thermal decomposition of hydrocarbon vapor, like methane. The growth of
the CNTs occurs in the presence of a metal catalyst, which is suspended directly on
a substrate. The diameter distribution of the synthesized CNTs can be influenced by
the size of the catalyst particles and the reaction temperature [99]. This allows one to
synthesize the CNTs directly on a substrate offering some control over the position of
the CNTs.
For electronic applications the CNTs synthesized by arc discharge or laser vaporization
are suspended in a solvent, purified and dispersed on a substrate from solution before
contacts are fabricated on the individual CNTs for measurements [20, 100, 101]. This
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processing suffers from several disadvantages: It does not allow the controlled posi-
tioning of the nanotubes, the CNTs often cluster together in ropes, and the CNTs are
rather short (< 1 m) due to the sonication involved. Especially the latter inhibits the
fabrication of more complicated device structures as needed for, e.g., double quantum
dots [102] or high-frequency irradiation [103]. On the other hand, CNTs synthesized
by chemical vapour deposition (CVD) directly on substrates can be grown individ-
ually on predefined sites with lengths of several micrometers, which allows one to
manufacture electronic devices [25]. Since the characterization of the CNTs should be
correlated with later transport measurements on real devices, the CNTs investigated
in this thesis are synthesized by CVD.
4.1 Synthesis of carbon nanotubes using CVD
Carbon nanotubes are grown directly on substrates using CVD, after [25]. The cat-
alyst is suspended in methanol, dropped onto the substrate with a pipette and dried
afterwards in a nitrogen flow. The substrate is then heated at 120 for 15 minutes
to remove solvent residue.
The yield of CNTs after CVD growth can be controlled by the amount of catalyst
particles on the substrate. Therefore only a few drops of the suspended catalyst par-
ticles were used for the investigation of individual CNTs, while bulk samples were
completely covered with the suspended catalyst particles, skipping the blow-drying
process. Instead, the suspension is dried using a heating plate at 100 . For samples
with a high yield of synthesized CNTs, they form bundles due to the van der Waals
interactions between their outer shells, stabilizing themselves in networks.
For CVD growth the substrate is placed inside a quartz glass tube, which is located
in a furnace as shown schematically in figure 4.1a. The substrate is heated up to
temperatures between 860 and 1030 in a constant Argon flow of 1.52 l/min to
860 - 1030 °C
substrate with
catalyst particles
methane
(a)
(b)
1.5μm
(b)
1 μm
(c)
Figure 4.1: (a) Schematic assembly of the CVD system using methane as source gas.
(b) AFM picture of CNTs grown on a Si substrate after CVD growth. (c)
UHV-SEM picture of CNTs crossing a hole of a perforated Si3N4 substrate
during CVD growth.
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prevent the oxidation of catalyst particles prior to the CNT growth. After reaching
the desired reaction temperature TCVD, hydrogen is added at a flow rate of 0.7 l/min.
The argon flow is stopped and methane at a flow rate of 0.52 l/min is inserted for 10
minutes, acting as the carbon-source. During this time methane inside the furnace is
decomposed according to the reaction
CH4 ←→ C + 2H2 (4.1)
providing carbon atoms for the growth of CNTs [104]. Afterwards, the methane and
hydrogen flow is stopped and argon added at the same flow rate as mentioned above to
provide a cool-down of the substrate to room temperature in an inert gas atmosphere.
After the CVD process CNTs with length up to several micrometers can be observed,
as shown for a Si substrate by AFM in figure 4.1b. The CNTs grow away from the
catalyst particles being spread upon the substrate. On perforated Si3N4 membranes
some CNTs bridge the holes, so that they are accessible for TEM as shown by UHV-
SEM in figure 4.1c.
4.2 Substrates
Four different kinds of substrates are used for the CVD growth in order to investigate
the synthesized CNTs with different characterization methods:
1. Substrates cut from Si/SiO2 wafers were used for the AFM measurements due to
their flatness (see figure 4.1b). The same substrates were used for patterning with
electron beam lithography, which allows one to place the catalyst particles at
predefined sites to investigate an individual CNT with different characterization
methods and to contact the CNTs after CVD growth.
2. Quartz glass substrates are chemically inert when in contact with most acids and
were therefore used for the acid treated samples. For comparison also oxidation
by heating in air was done with these substrates and studied by using FT-Raman
spectroscopy.
3. Due to their conductivity, Mo substrates can be investigated using UHV-SEM
and correlated with FT-Raman measurements providing a high reflectivity, but
their roughness prohibits AFM measurements.
4. In order to correlate HRTEM with other typical methods to characterize the
structure of CNTs like UHV-SEM and confocal Raman spectroscopy, the CNTs
are grown on perforated Si3N4 membranes with a hole diameter of 2− 3 m and
a hole pitch of about 3 − 4 m. The thickness of the membrane is 200 nm, and
they are mounted on a Si frame with a thickness of 300 m with a window area of
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0.5mm (DuraSiN , Protochips Inc.). During the CVD process, the CNTs cross
these holes either individually or in ropes forming networks (see figure 4.1c).
Thus, depending on their yield, freely suspended individual or bundled CNTs
can be observed without tube-substrate interactions. The membrane itself can
be marked by focused ion beam (FIB) allowing the investigation of selected
individual CNTs. These substrates may also be used in a lithography process.
4.3 Growth mechanism
Due to very strong C-H bonds in the methane molecule (440 kJ/mole), its thermal
decomposition occurs at very high temperatures (>1200 ) [105]. Various transition
metal catalysts like Ni, Fe or Co have been used to reduce the temperature of methane
thermal decomposition [106]. Thus, methane dehydrogenates locally at the catalyst
particle sites. The carbon is absorbed by the liquid metal particles until a super-
saturation point is reached and carbon precipitates out from the particle surface.
Figure 4.2 illustrates the growth mechanism suggested by Gavillet et al., who based
their concepts on the vapor liquid solid (VLS) model [107]. Further absorbed carbon
continues to assemble on the surface of the supersaturated metal particle (figure 4.2a).
It either nucleates to CNT caps (figure 4.2c) forming long SWCNTs (figure 4.2d) when
the carbon supply at the root continues, or grows layer-by-layer around the metal
particle leading to an over-coating and therefore to the deactivation of the metal
particle (4.2b). Due to an oversupply of carbon, this can also occur after SWCNTs
have formed, stopping the growth after a short time (figure 4.2e and 4.2f). This results
in rather short tubes as shown in the HRTEM picture in figure 4.2g. In this case the
growth of a CNT was interrupted due to the over-coating of a catalyst particle with
5 nm
(g)
Figure 4.2: (a-f) Different phases of the VLS growth process (taken from [107]).
(g) HRTEM picture of a cap of a CNT, that is grown away from a deacti-
vated catalyst particle.
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amorphous carbon.
When a cap is formed that is large enough, more caps can grow underneath the first
forming graphitic shells spaced by roughly the inter-layer distance of graphite, which
leads to the formation of MWCNTs [108].
4.4 Fe:Mo alloy catalysts
Metal alloy catalysts like Fe:Mo prevent catalyst particle aggregation and improve the
growth of CNTs due to intermetallic interactions between Fe and Mo enhancing the
activity of the catalyst [109]. A variety of known Fe:Mo alloy catalysts were created
as listed in table 4.1, which were suspended in methanol by sonication for four hours
and kept for 24 hours to let the sediment settle down.
Alumina and magnesia are reported to be better catalyst supports than silica due to
their strong metal-support interaction allowing high metal dispersion and therefore
high density of catalytic sites [110, 111]. This additionally prevents aggregation of the
metal particles during CVD synthesis, forming large clusters, which leads to greater
diameters of synthesized CNTs [112]. Both magnesia (Cat 1 and Cat 5) and alumina
nanoparticles (Cat 2, Cat 3 and Cat 4) were used as catalyst supports for the metal
alloy catalysts, where Mo is provided by Molybdenum(IV)dioxide(acac)2 and Fe by
Iron(III)nitrate (Cat 1 and Cat 2) and Iron(II)acetylacetonate (Cat 4 and Cat 5). In
Cat 3 Fe and Mo are provided by a spherical molecule, a so-called Polyoxometallate
(POM), with a diameter of ∼2.5 nm, forming a Keplerate-type structure of icosahedral
symmetry, as shown in figure 4.3a. Each FeO6 coordination polyhedron is connected
Name Fe:Mo alloy catalyst support material
Cat 1 19.7 mg Fe(NO3)3·9H2O 15.2 mg MgO
2.5 mg MoO2(C5H5O2)2
Cat 2 20.2 mg Fe(NO3)3·9H2O 15.5 mg Al2O3
2.6 mg MoO2(C5H5O2)2
Cat 3 32.3 mg [Mo72Fe30O25(CH3COO)12(Mo2O7 (H2O)2) 15.5 mg Al2O3
(H2Mo2O8 (H2O)) (H2O)91] · 140H2O
Cat 4 20.5 mg C10H14FeO4 15.2 mg Al2O3
2.4 mg MoO2(C5H5O2)2
Cat 5 20.2 mg C10H14FeO4 15.3 mg MgO
2.4 mg MoO2(C5H5O2)2
Table 4.1: Chemical composition of the used catalysts dissolved in 15 ml methanol.
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Figure 4.3: (a) Atomic structure of the used molecular nanoclusters. For a better
clarity included water molecules are not shown. (b) Comparison of the
intensity of the D-mode for different catalysts normalized to the G-mode.
to two MoO6 octahedra of two neighboring Mo6O21 pentagons, which were synthesized
after Mu¨ller et al. [113] by P. Ko¨gerler and coworkers. Water molecules are also in-
cluded inside the molecule, which are not shown in figure 4.3a, but help to stabilize its
structure at room temperature. It decomposes during the CVD process, giving access
to both Fe and Mo, respectively and may, due to its selective size, allow a diameter
selective growth of CNTs [114]. This would help to increase the homogeneity of bulk
samples and to investigate specific ordering phases of C60 inside individual CNTs after
filling.
Directly before the CVD growth, the catalyst suspension is sonicated for 10 minutes
followed by 10 minutes of settle-down time, where big catalyst particles descend and
settle down, while small particles stay in suspension.
In the following the CVD growth of CNTs from these different catalysts is investigated.
Bulk samples are grown on Mo substrates at a growth temperature of TCVD = 950
and measured by using FT-Raman spectroscopy as shown in figure 4.3b, where for
all catalysts beside Cat 1, the characteristic Raman spectrum of CNTs could be ob-
served. The smallest D/G-ratios could be investigated for CNTs grown using Cat 2,
Cat 3 and Cat 4, which use alumina as catalyst support, where the usage of Cat 4
results in a smaller yield compared to the two other catalysts. For Cat 3, no diameter
selective growth compared to Cat 2 could be investigated, which was indicated by
the observation of multiple RBMs in the FT-Raman spectrum and additional AFM
measurements given in [115].
No CNTs could be synthesized using Cat 1, which includes magnesia as catalyst sup-
port. Furthermore, Cat 5, which also uses magnesia as catalyst support, shows the
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highest intensity of the D-mode for all investigated samples, while all alumina sup-
ported catalysts show only a small D-mode. Thus, alumina is the preferred support
material allowing growth of CNTs with a high crystalline order and without the for-
mation of amorphous carbon.
To further study the influence of the support material, CNTs are grown on Si and
Mo substrates using Cat 3 with and without the alumina support material and are
investigated by AFM and UHV-SEM. Figure 4.4a shows CNTs grown from catalyst
particles intercalated by the support material. It prevents the aggregation of the cata-
lyst particles into larger clusters due to the high temperatures during the CVD process.
But since no diameter selective growth was found for this catalyst, it can be expected
that aggregation of individual metal clusters occurs even in the presence of a support
material like alumina.
When no support material is used, a small yield of synthesized CNTs could be observed
on Si substrates (figure 4.4b), whereas no CNTs were synthesized on Mo substrates
(figure 4.4c). Thus, the absence of the support material leads to a significant decrease
of the obtained yield due to the missing anchor points provided by it. Therefore,
both samples have a very small amount of catalyst particles, which are rather large
due to their aggregation during the CVD process. This is shown in figure 4.5, which
compares the outer diameter of grown CNTs with the size of their corresponding cat-
alyst particles. The size of the catalyst particles and the outer diameter of the CNTs
are obtained by their measured height using AFM in the tapping mode. Figure 4.5
shows a rather large distribution of the size of catalyst particles ranging from 20 nm
to 140 nm, while no CNTs can be investigated for catalyst sizes below 30 nm. The
resulting diameters of the observed CNTs show no diameter selective growth. Fur-
(a)
5 m
(b)
1 m 10 m
(c)
Figure 4.4: (a) UHV-SEM image of CNTs grown away from catalyst particles interca-
lated by alumina clusters. (b) AFM image of CNTs grown from aggregated
nanoclusters without any support material. (c) In this case no CNTs are
synthesized on Mo substrates, while large aggregated catalyst particles
could be observed by UHV-SEM.
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Figure 4.5: Comparison of the outer diameters with the size of catalyst particles for
CNTs grown on a Si substrate using Cat 3 without a support material.
The outer tube diameters and the particle size are obtained by AFM using
the tapping mode.
thermore, the observed large catalyst particles on Mo substrates seem to react with
the substrate as shown in figure 4.4b, which may explain the absence of synthesized
CNTs. This assumption could be confirmed by the observed reactions between the
molecular nanocluster and different substrates after its thermal decomposition, where
Si substrates show induced calderas, perforated Si3N4 are melted and deposited Pt
markers on Si substrates are corroded. Thus, the strong dependence of the reactions
of these molecular nanoclusters to the support material used observed by Edgar et al.
could be confirmed [116].
CNTs investigated in the following chapters are synthesized with a catalyst similar to
Cat 2, which is more commonly used for CVD synthesis compared to Cat 3 and Cat
4, allowing better comparison to the results of other researchers [25, 117, 118].
4.5 Influence of the growth temperature
In order to further characterize the pristine material, bulk samples of CNTs were
synthesized at different growth temperatures TCVD on quartz glass and investigated
with FT-Raman spectroscopy. The laser used for the FT-Raman measurements is
fixed to a wavelength of λ = 1064 nm with no tuning option. This only provides
the investigation of CNTs with certain diameters being in resonance. Therefore, bulk
samples with a good statistical distribution of CNTs with different diameters were
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Figure 4.6: (a) RBMs measured by FT-Raman for CNTs synthesized at different
growth temperatures. The intensities are normalized to the G-mode. (b)
Comparison of the structure of synthesized CNTs at different growth tem-
peratures measured by HRTEM.
investigated, providing statistical information of the CNTs being resonant at the fixed
laser excitation. A comparison of the measured Raman spectrum in the range between
140 cm−1 and 350 cm−1 directly after CVD growth for different growth temperatures
TCVD is shown in figure 4.6a. For a direct comparison, the intensities of all spectra
are scaled to the intensity of the G-mode. Since the relative intensities of these bulk
samples are compared, inter-tube interactions are neglected in the following, which
show only little influence on the electronic structure of individual CNTs and therefore
on their resonance conditions. The peak located at 263 cm−1 is a BBLM, which will
be discussed in chapter 6.2.
For higher growth temperatures, a strong increase of the intensity for RBMs around
175 cm−1 could be observed compared to the intensity of RBMs around 327 cm−1. Ac-
cording to equation 3.12 these RBMs arise from CNTs with different diameters, while
the RBMs around 175 cm−1 correspond to smaller diameters compared to the RBMs
around 327 cm−1. This may indicate a change of the diameter distribution depending
on the growth temperature TCVD.
In order to further support this assumption, individual CNTs were grown on perforated
Si3N4 membranes to compare the atomic structure of CNTs synthesized at different
growth temperatures by using HRTEM. Figure 4.6b shows that at TCVD = 1030
mostly multi-walled CNTs with more than three layers and a large outer diameter
(dT > 7 nm) are forming, while at TCVD = 940 and TCVD = 860 nearly all CNTs
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are double- or single-walled providing a smaller outer diameter (dT < 5 nm). Thus, we
can assume that the relative increase in intensity observed in the FT-Raman spectrum
(figure 4.6a) is due to the increasing outer diameters of CNTs, while also the number
of layers increases with the growth temperature TCVD [119].
The amorphous material within the DWCNT grown at TCVD = 940 is due to dis-
continued growth of an inner layer, which could only rarely be investigated. In general,
the synthesized CNTs are very clean at their outside showing a small amount of de-
fects and are unfilled. This is in agreement to the small D/G-ratio observed for CNTs
grown with this catalyst in figure 4.3b, which slightly increases at higher growth tem-
peratures. On the one hand this can be explained by the formation of amorphous
carbon due to an over-supply of carbon atoms caused by the increased decomposition
of methane. On the other hand the D/G-ratio may be increased by more defects in the
layers within the pristine material synthesized at higher temperatures as investigated
by Xiong et al.[120].
It should be mentioned here that the structure of the synthesized CNTs is also depen-
dent on their yield. A higher probability for growing MWCNTs with the same recipe
was found if a larger amount of catalyst is used, e.g. by skipping the blow-drying step.
Also the inner diameter increases with an increase of the yield of CNTs. This may
be due to the coalescence of bundled CNTs during the growth process forming larger
MWCNTs consisting of more layers, which was investigated by Nikolaev et al. [121]
and Me´te´nier et al. [122] for bundled SWCNTs after high temperature annealing.
4.6 Summary
Different Fe:Mo alloy catalysts were investigated using magnesia and alumina nanopar-
ticles as metal support material, where alumina provides the growth of high quality
CNTs. This was confirmed by the low intensity of the D-mode compared to the inten-
sity of the G-mode for Cat 2, Cat 3 and Cat 4. Although the molecular nanoclusters
have a defined size, no diameter selective growth could be observed due to the aggre-
gation of catalyst particles even when a metal support material is present. This may
be avoided by the usage of smaller support particles, leading to a better separation
of the decomposed nanoclusters. The yield of synthesized CNTs depends strongly on
the support material used to provide anchor points for the catalyst particles, which
aggregate to large clusters or are removed from the substrate without any support ma-
terial. This shows the importance of the metal support material allowing the growth
of CNTs in a high yield on different kinds of substrates, which makes a correlation of
different characterization methods possible.
The growth temperature influences the outer diameters of synthesized CNTs and their
number of layers, which both increase for higher temperatures. This could also be ob-
served for bulk samples with a high yield of CNTs due to the coalescence of CNTs
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during CVD growth. The yield of the CVD growth can be affected by the amount of
deposited catalyst particles on the substrate, which can be altered by using different
deposition methods. Thus, CNTs can be synthesized by CVD directly on different
substrates, where their number of layers, their inner diameter distribution and their
yield can be influenced allowing the investigation of individual or bundled CNTs with
different numbers of layers.
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Chapter 5
Frequency-dependent Raman
spectroscopy
The diameter of CNTs is an important parameter for the preparation of peapods,
leading to different ordering phases of the encapsulated C60 molecules and different
interactions between the innermost tube and the C60 molecules. No encapsulation of
C60 is possible when the inner hollow determined by the diameter of the innermost
CNT is too small. For transport measurements, on the other hand, the electronic
properties of the investigated CNTs are important. As discussed in chapter 2.2 the
electronic properties of CNTs depend strongly on their atomic structure, which is de-
fined by the chiral index (n1, n2). The determination of their chiral indices is therefore
of major importance for the development of CNT-based devices. These parameters
can be extracted from HRTEM measurements on individual CNTs, but due to its
destructive behavior this has to be done as a final step. The non-destructive deter-
mination of these parameters before further experiments would open a way to choose
the adequate individual CNT. Therefore, resonant Raman spectroscopy (RRS) being a
non-destructive method is employed to assign the diameters of individual tubes within
a small bundle and the chiral indices of individual layers within a MWCNT. As dis-
cussed in section 3.3.3 the RBM shows a strong resonance behavior. This provides the
separation of individual SWCNTs within a bundle or individual layers of a MWCNT
by using RRS as discussed in chapter 5.1 and chapter 5.2.
5.1 Diameter Assignment of a separated bundle of CNTs
RRS experiments were performed on CNTs synthesized on a Si substrate at a growth
temperature of TCVD = 900 , resulting in mostly SWCNTs with diameters ranging
from 1nm to 5 nm and a length of several micrometers as described in chapter 4. As
shown in figure 5.1, the catalyst particles (white arrow) were deposited at selected po-
sitions on a Si substrate, allowing the selective observation of individual CNTs or small
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5 m
Figure 5.1: AFM image showing the surface of the investigated sample. The catalyst
particles appearing as white particles (white arrow) are placed between four
markers defining an individual cell on the sample (black arrows). Several
SWCNTs are grown away from the catalyst particles, and the position
marked by the blue arrow is further investigated by RRS.
bundles. The selective deposition of the catalyst and the pattering of the substrate
was done using electron beam lithography. It is seen in figure 5.1 that the catalyst
particles are placed in the middle between four markers (black arrows) defining an
individual cell. The markers are made from Pt to prevent their melting during CVD
growth and have a diameter of 1 m, being visible with an optical microscope. Thus,
each cell can be identified by a unique set of four markers.
The laser power was held below P = 0.5mW to prevent local heating [75] while the
laser spot was focused on the tube or bundle marked by the blue arrow in figure 5.1.
Its diameter is 2.5 ± 0.2 nm as determined by AFM measurements. Thus, it is either
an individual CNT or a small bundle of CNTs, which cannot be distinguished using
AFM.
Therefore, RRS is used to further investigate this selected area. The Raman spectra of
the RBM region obtained at different laser wavelengths are shown in figure 5.2a. The
peak observed at a laser wavelength of λ = 496 nm (red) marked by an asterisk is an
artefact due to cosmic particles detected by the CCD leading to spikes in the measured
Raman spectra. They can be identified by their very narrow line width below 4 cm−1
and their random position. The frequency of the spectra is calibrated by the observed
broad Raman peak of Si at 303 cm−1 originating from the substrate. Two RBMs could
be found at the laser wavelengths of λ = 488 nm (blue line) and λ = 496 nm (red line)
at the position 179 cm−1 and 211 cm−1, respectively.
Figure 5.2b shows the Kataura plot calculated for SWCNTs by nearest neighbor tight-
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Figure 5.2: (a) Raman spectra of the RBM region measured at different laser wave-
lengths, which are calibrated by the observed Si peak at 303 cm−1. The
sharp peak designed by a asterisk is a spike due to cosmic particles. (b)
Kataura plot showing the calculated resonant optical transition energies
for semiconducting type I (filled circles), type II (open circles) and metallic
SWCNTs (stars). The observed RBMs can be assigned to a type I (blue
circle) and a type II SWCNT (red circle) using the Kataura plot taken
from [77].
binding simulations according to equation 2.7 with γ0 = 2.9 eV. A comparison of the
calculated diameters according to equation 3.12, using A = 248 cm−1nm for individual
CNTs on Si substrates [28] and the laser excitation energy reveals that both SWCNTs
are semiconducting, while the RBM at 179 cm−1 arises from a semiconducting type
I (filled circles) and the RBM at 211 cm−1 from a semiconducting type II SWCNT
(open circles).
This interpretation is consistent with the observed G+- and G−-mode, which shows no
Breit-Wigner-Fano line shape as would be expected for metallic SWCNTs. The mea-
sured region of the G-mode is shown in figure 5.3a, where two G−-modes at 1556 cm−1
and 1573 cm−1 and a G+-mode at 1592 cm−1 can be observed. These frequencies are
compared with the experimentally obtained results of Jorio et al. for semiconduct-
ing (filled circles) and metallic (open circles) individual SWCNTs [123] in figure 5.3b.
The observed frequencies plotted as blue and green dashed lines are in good agree-
ment to the results of Jorio et al., where the G+-mode shows no diameter dependency
(black solid line), while the G−-mode shifts in frequency for smaller tube diameters dT
following the dashed black lines calculated by equation 3.16 for semiconducting and
metallic tubes respectively. This confirms, in agreement with the two observed RBM
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Figure 5.3: (a) Raman spectra of the G-mode at different laser wavelengths showing
the splitting of the G-mode due to the diameter dependent curvature ef-
fect, where two G−-modes can be found at 1556 cm−1 and 1573 cm−1.
(b) Comparison of the measured frequencies of the G−-mode with experi-
mental results obtained by Jorio et al. for individual semiconducting (filled
circles) and metallic (open circles) SWCNTs [123].
frequencies, the semiconducting nature of both SWCNTs.
Thus, it can be expected that the investigated tube is a small bundle consisting of at
least two semiconducting SWCNTs with diameters of about 1.2 nm and 1.4 nm. This
is in good agreement to the total diameter of 2.5 nm to 2.9 nm determined by AFM
measurements. Small deviations from the expected theoretical values may be due to
the bundling effect of both SWCNTs and interactions with the substrate, leading to
shifts of the investigated RBM frequency.
The Ar-Kr-laser used in the previous measurements only provides characteristic laser
lines having a quite large separation compared to the width of an RBM resonance
profile shown below, which prevents a measurement of this sharp resonance for the
investigated RBMs. Thus, the accuracy in the value of the resonant transition en-
ergies is determined by the width of the resonance window of the measured RBMs,
which can be additionally broadened in bundles as will be shown below, which may
lead to a deviation of the laser energy used and the real optical transition energy Eii
in the order of ΔE = 120meV. This prevents the assignment of the chiral indices
in the Kataura plot for the individual SWCNTs within the bundle, but provides the
determination of their electronic properties given by their family index ν, which can
be obtained by the frequency of the RBM and the laser energy used or the frequency
and shape of the G−-mode.
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5.2 Chirality Assignment
CNTs are synthesized directly on a perforated Si3Ni4 membrane at a growth temper-
ature of TCVD = 1030 , providing mostly MWCNTs as described in chapter 4.5.
Because only small amounts of catalyst were deposited on the sample, the yield of
CNTs is rather small, which permits individual CNTs to bridge the holes without
forming bundles. After CVD the sample was annealed at 900 in a UHV-chamber
for 1.5 hours to clean the outer layers of amorphous carbon and remove small defects,
stabilizing the MWCNTs during HRTEM measurements.
To be able to correlate Raman spectroscopy and HRTEM measurements on the same
MWCNT, a marker is written with a focused ion beam (FIB) prior to the CVD syn-
thesis. These markers define a coordinate system needed to locate each hole as shown
in figure 5.4. UHV-SEM was used to characterize each region before the Raman mea-
surements determining the number of MWCNTs crossing the holes. The position E1
features an individual MWCNT that bridges the hole, as shown in the inset of fig-
ure 5.4. This geometry allows a selective investigation of a single MWCNT without
any disturbance by adjacent tubes or the substrate. Thus, we can exclude bundling
and tube-substrate interactions.
Since Raman spectroscopy only provides indirect information about the atomic struc-
ture of CNTs, a correlation with microscopic methods is needed to interpret the ob-
served low-frequency Raman spectra. Figure 5.5a shows a HRTEM image of the
Figure 5.4: SEM picture of the used Si3N4 grid customized by a marker written with
FIB in the middle of the picture. A coordinate system was defined around
and the position E1, further investigated, providing a single MWCNT
crossing the hole as shown in the inset.
65
5 Frequency-dependent Raman spectroscopy
3 nm
(a)
Figure 5.5: (a) HRTEM at 80 keV of the MWCNT crossing the hole at the position
E1. (b) Linescan between the red dashed lines and along the red arrow in
(a) showing the diameters of the individual tubes above and the wall to
wall distances below. All values are given in nm.
MWCNT at position E1 taken after the Raman measurements, which exhibits clean
outer layers and a high degree of graphitization of the CNT. For the estimation of
the diameters, a line scan between the dashed red lines along the red arrow in fig-
ure 5.5a was averaged over 200 px, which is shown in figure 5.5b. The atoms in the
HRTEM image appear white, because we measured in slight over-focus to achieve a
better contrast. Therefore, the distances between the corresponding maxima on both
sides of the symmetric line scan correspond to the individual tube diameters, while
the distances between adjacent maxima are the inter-layer separations.
It is clearly seen that this MWCNT consists of six tubes ranging in diameter from
0.67 nm to 4.52 nm. Table 5.1 lists the measured inter-layer separation dΔ, which is
obtained by the average of the two corresponding inter-layer distances, and the full
width at half maximum (FWHM) for each diameter dT in figure 5.5b. The inter-layer
distances are between 0.35 nm and 0.37 nm, which agrees within the error of the mea-
surement, featuring a spatial resolution of 0.08 nm as given in section 3.3.1. According
to Dresselhaus et al. the inter-layer distance is almost equal within MWCNTs ranging
from 0.34 nm to 0.39 nm [33], which is consistent with the values observed here. Only
the innermost and the outermost tubes have a slightly larger inter-layer separation of
0.41 − 0.45 nm and the FWHM of their peaks listed in table 5.1 is broadened com-
pared to the FWHM of the other peaks. This difference could be explained by defects
induced due to electron irradiation, which induce an off-peeling of those tubes which
are only partly stabilized within the layer structure [124]. Due to its larger curvature
especially the inner layer is decomposing during HRTEM measurements, indicated by
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dT [nm] dΔ [nm] FWHM [nm]
0.67± 0.08 (0.82) 0.43± 0.08 0.27
1.52± 0.08 0.37± 0.08 0.14
2.25± 0.08 0.36± 0.08 0.16
2.96± 0.08 0.36± 0.08 0.17
3.65± 0.08 0.42± 0.08 0.16
4.52± 0.08 (4.35) 0.32
Table 5.1: Comparison of the measured inter-layer separation dΔ and the FWHM for
each measured diameter dT. The corrected diameters of the innermost and
outermost layers being damaged during electron irradiation are given in
brackets.
its buckling in figure 5.5a, resulting in the broadened FWHM in table 5.1. Since the
resonant confocal Raman measurements were done before the HRTEM measurements,
an inter-layer separation of 0.35 nm is assumed for the innermost and outermost layer
leading to corrected diameters of 4.35 nm and 0.82 nm for the outermost and the in-
nermost tube respectively, given in brackets in table 5.1.
In this chapter, RRS is used to directly assign the chiral indices of individual layers
within the investigated MWCNT at the position E1. Especially for larger tube di-
ameters and higher excitation energies, the separation of individual family branches
decreases, which requires the resonant transition energy to be determined with a high
accuracy. As discussed in chapter 2.6, the electronic structure of individual layers
within a MWCNT remains nearly unchanged compared to individual SWCNTs. Only
a slight decrease of the resonant transition energy is expected due to the increased cur-
vature effect of the encapsulated layers. Thus, the resonant transition energy can be
obtained by resonance profiles of individual BLMs, which are expected for MWCNTs
and will be further discussed in chapter 6. Since the RBMs of individual SWCNTs
show a very sharp resonance window of only 8meV [81], a dye laser was used, allowing
one to tune the excitation wavelength in small steps of 1− 2 nm.
The obtained spectra are shown in figure 5.6a for different laser wavelengths λ, where
the measured two BLMs at 131 cm−1 (red) and 161 cm−1 (blue) show a strong reso-
nance effect and were not observed at smaller or larger laser wavelengths. The spectra
were calibrated with a neon lamp and normalized in intensity by the non-resonant
signal of a CaF2 crystal. Their measured intensities are shown in figure 5.6b. The
obtained resonance profiles are approximated with equation 3.11, which provides the
determination of their widths and their resonant transition energies Eii.
For comparison, the resonance profile of a BLM at 210 cm−1 obtained from a small
bundle on the same sample, is shown (green squares). This bundle, located at the
position G7 in figure 5.4, is shown in figure 5.7a and consists of approximately 4-5
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Figure 5.6: (a) Raman spectra of the observed two BLMs at 131 cm−1 (red) and
161 cm−1 (blue) of an individual MWCNT excited by different laser wave-
lengths λ. (b) Resonance profiles of these BLMs, which are normalized
in intensity by a non-resonant CaF2 crystal. Obtained resonance profiles
are plotted by red and blue markers respectively and compared with the
resonance profile of a BLM at 210 cm−1 originating from a small bundle
(green squares), while the corresponding curve fits are shown as solid lines
of the same color.
MWCNTs, which cannot be separated due to their two-dimensional projection pro-
hibiting the determination of their diameters and their number of layers. Figure 5.7b
shows the frequency dependent RRS measurements of the BLM located at 210 cm−1
originating from the bundle at the position G7 for different laser wavelengths.
The resonance widths of the individual MWCNTs are with 32meV and 30meV for
the BLMs at 131 cm−1 and 161 cm−1, respectively, larger than the resonance width
of 8meV for individual SWCNTs. In contrast, the resonance profile of the BLM at
210 cm−1 obtained from the small bundle has a width of 60meV, which is almost
twice the width measured for individual BLMs, but smaller than the resonance width
of 120meV for bundled SWCNTs observed by Fantini et al. [75]. Since its BLM is
located at 210 cm−1, it can be expected that it arises from an inner layer with a small
diameter dT ≤ 1 nm, which should not be affected by the tube-tube interactions in
bundles. Instead it is more reasonable that the observed broadening of the resonance
profile is due to a superposition of two BLMs originating from two different inner
tubes in the bundle with similar diameters and transition energies. This explains the
deviation of the measured width of the resonance profile compared to the results of
Fantini et al., which show that the width of the resonance profile indicates whether
the measured mode originates from a SWCNT, a MWCNT or an outermost layer in
a bundle.
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Figure 5.7: (a) HRTEM image of an individual bundle located at the position G7 in
figure 5.5. (b) RRS of a BLM located at 210 cm−1 obtained from the
position G7 using different laser wavelengths.
The second important parameter which can be derived from the approximation of equa-
tion 3.11 to the measured intensities is the resonant transition energy Eii. It is located
near the maximum of the measured resonance profiles at 2.043 eV and 2.042 eV for the
measured BLMs at 131 cm−1 and 161 cm−1, respectively, as shown by the dashed ver-
tical lines in figure 5.6b. These resonant transition energies and the corresponding
tube diameters obtained by HRTEM, as shown in figure 5.5, are compared with the
Kataura plot in figure 5.8, calculated by Maruyama et al. using the nearest neighbor
tight-binding approximation according to equation 2.7 with γ0 = 2.9 eV [125]. Calcu-
lated transition energies are plotted by green dots, while the experimentally obtained
transition energies are colored in red and blue for the measured BLM at 131 cm−1 and
161 cm−1, respectively. It shows that the resonant energy of the BLM at 131 cm−1
can be assigned to the branch with β = 57 of the EM22 transition featuring a family
index of ν = 0, while the resonant energy of the BLM at 161 cm−1 originates from
the ES33 transition with ν = +1 and β = 38. The chiral indices of the most likely
assignments within the assumed error of the tube diameter obtained by HRTEM of
80 pm are colored corresponding to the two investigated BLMs.
As mentioned before, we expect a small decrease of the optical transition energies of
the observed layers being encapsulated within the MWCNT. Thus, it is most likely
that the BLM at 131 cm−1 originates from either a (19,0) or a (18,2) SWCNT, while
the BLM at 162 cm−1 originates either from a (28,1) or a (27,3) SWCNT. These
SWCNT are located at the end of each branch showing a transition energy that is for
the (18,2) and the (27,3) approximately 9meV and for the (19,0) and (28,1) SWCNT
13meV higher than the measured transition energies of both BLMs. Since the inter-
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Figure 5.8: Comparison of the measured diameters obtained by HRTEM and resonant
transition energies obtained by RSS for the investigated BLMs at 131 cm−1
(red point) and 161 cm−1 (blue point) with the resonant transition energies
calculated by Maruyama et al. [125] (green points). The chirality indices
are given in brackets, while family branches with the same branch index β
are connected by black lines.
layer interactions strongly depend on the chirality index of the interacting layers, these
values can be compared to the inter-layer interaction energy of around 10meV for a
(7,0)@(16,0) DWCNT calculated by Denis et al. with density functional calculations
[126], which would nicely fit to the transition energies of the (18,2) and (27,3) SWCNT
in figure 5.8. Furthermore, Okada et al. predicted an overlap between the conduction
band of the inner layer and the valence band of the outer layer leading to a metalliza-
tion of the (7,0)@(16,0) DWCNT [32].
This shows that besides the determination of the family index ν, which defines the elec-
tronic properties of individual tubes, RRS provides the determination of the branch
index β of the investigated layers when the transition energy is obtained by resonance
profiles of individual BLMs. This makes it possible to distinguish between metallic
and semiconducting SWCNTs but also between metallic and semimetallic SWCNTs,
which is important for electronic devices.
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5.3 Summary
In this chapter we demonstrated that RRS allows one to selectively investigate indi-
vidual SWCNTs even within a MWCNT or a rope. It allows one not only to determine
the diameter by the 1/dT-dependence in the case of SWCNTs, but also to assign the
investigated SWCNTs to its family, allowing the determination of its electrical behav-
ior. A correlation of HRTEM and RRS allow the determination of the diameters of
each tube with high accuracy, as shown for an individual MWCNT. Furthermore, the
resonant transition energy can be determined with high accuracy by the resonance
profiles of the measured SWCNTs. This allows for the determination of the branch
of the investigated SWCNT by a direct assignment of the chirality index using the
theoretical Kataura plot, while the width of the resonance profile indicates whether
the SWCNT is individual, within a MWCNT or a bundle.
Since Raman spectroscopy is, in contrast to TEM, a non-destructive characterization
method, it offers the possibility to characterize individual SWCNTs with different en-
vironments prior to further experiments, allowing one to determine their atomic and
electronic structure. This is essential for the filling of the CNTs with C60 or quantum
transport measurements on individual CNTs.
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Chapter 6
Phonon coupling in carbon
nanotubes
As discussed in section 3.3.3, an interaction is expected between individual layers
within a MWCNT, inducing coupled phonon states of the RBMs called BLMs. This
was predicted by Popov et al. [84] and Rahmani et al. [85] by numerical simulations. To
study the effect of the phonon coupling for MWCNTs, a correlation between HRTEM
and confocal Raman spectroscopy for an individual MWCNT is presented in chap-
ter 6.1.
According to calculations by Rahmani et al., a coupled phonon mode is also expected
for large bundles of CNTs named BBLM, which arises from the outermost layers of
CNTs in a bundle. This will be investigated for a bulk sample providing large bundles
of CNTs in chapter 6.2.
6.1 Phonon modes of an individual MWCNT
In the previous chapter, an individual MWCNT was introduced in figure 5.4 and char-
acterized in figure 5.5, which will be used to study the BLMs of MWCNTs. Because it
is grown separately over a hole, substrate interactions and bundling effects, which ad-
ditionally influence the frequency of the radial modes, can be neglected. Using confocal
resonant Raman spectroscopy, sharp peaks with a line width of 3− 4 cm−1 are mea-
sured at the laser wavelength of λ = 603 nm (blue) and λ = 647 nm (red) as shown in
figure 6.1. These peaks, which are located at 131 cm−1, 161 cm−1 and 270 cm−1 have
a strong resonance effect, as shown before. Due to this strong resonance behavior
which is characteristic for the RBM, and their comparable line widths, we can assume
that these peaks are BLMs of the investigated individual MWCNT. Other BLMs of
smaller frequency could not be discerned due to the relatively broad Rayleigh peak
which prohibits the investigation of weak modes near the Rayleigh frequency.
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Figure 6.1: Resonant Raman spectrum of the individual MWCNT crossing the hole
at position E1 for laser wavelengths of λ = 603 nm (blue) and λ = 647 nm
(red).
6.1.1 Numeric model of phonon coupling in MWCNTs
When the curvature effect and the inter-layer coupling are neglected, each tube within
the MWCNT should behave like an individual SWCNT, where each RBM frequency
can be calculated by equation 3.12 with A = 223.75 cm−1nm for SWCNTs [16] due
to the absence of tube-substrate interactions using the measured diameters dT. The
inter-layer coupling between different layers in a MWCNT leads to non-linear up-shifts
of the BLM frequencies compared to the RBM frequencies of the uncoupled SWCNTs,
as will be shown in the following.
x3 = 0 x5 = 0 x6 = 0x4 = 0x2 = 0x1 = 0
ω1 ω2 ω3 ω4 ω5 ω6ωc ωc ωc ωc ωc
Figure 6.2: One-dimensional model of the inter-layer vdW interactions in the radial
direction based on a chain of six harmonic oscillators with eigenfrequencies
ωn being coupled by an equal coupling frequency ωc. All amplitudes xn
are set to 1.
To further study the effect of inter-layer coupling a simple numeric model is constructed
to describe the inter-layer coupling in the radial direction by a one-dimensional chain
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of coupled harmonic oscillators, as shown in figure 6.2. The mass mn and the spring
constant kn of each oscillator is expressed by its eigenfrequency
ωn =
√
kn
mn
, (6.1)
which is given by the RBM frequency ωRBM for the individual layers. This eigenfre-
quency ωn is coupled to the eigenfrequencies of the adjacent layers ωn+1 and ωn−1 by
the coupling frequency ωc. Assuming an equal coupling frequency of ωc for different
layers neglecting the curvature and the surface of individual CNTs, the equations of
motion for N coupled harmonic oscillators are given by
x¨n = −ω2nxn − ω2c (xn − xn+1)− ω2c (xn − xn−1), (6.2)
with n = 1, . . . , N and the boundary conditions
x0 = xN+1 = 0. (6.3)
The investigated MWCNT at the position E1 has six layers (see figure 5.5) leading
to N = 6, which results in six coupled equations of motion. These are integrated in
time and Fourier transformed to obtain the resulting frequencies for each harmonic
oscillator with their amplitudes set to xn = 1.
The coupling frequency ωc is linearly increased in the calculation as shown in fig-
ure 6.3a, leading to an increase of all BLM frequencies compared to their RBM frequen-
cies with ωc = 0 calculated from their diameters observed by HRTEM. The dashed
white lines in figure 6.3a mark the frequencies of the measured BLMs in the low-
frequency Raman spectrum as shown in figure 6.1. This allows for the assignment of
the three observed BLMs to the three innermost layers within the MWCNTs.
Compared to the BLM frequencies measured by Raman spectroscopy, the calculated
frequencies of the two innermost layers are up-shifted, while the calculated frequency
of the third layer is down-shifted.
According to calculations for MWCNTs by Popov et al. the lowest BLM frequency
is an in-phase mode, the highest BLM frequency a counter-phase mode and the in-
termediate modes are of mixed character [84]. The effect of the inter-layer coupling
is strongest for the intermediate modes compared to the in-phase and counter-phase
mode, which is in agreement to the results of Benoit et al. [127].
The dashed black line in figure 6.3a marks the coupling frequency ωc = 1.52THz,
which results in the best agreement between calculation and experiment.
This calculation already fits quite well to the measured BLM frequencies, but it does
not include the surface effect, which describes the increasing number of interacting
atoms for increasing diameters. After equation 6.1, the assumed coupling frequency
ωc depends not only on the coupling constant kc, but also on the difference of the
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Figure 6.3: BLM frequencies (yellow lines) for increasing coupling frequency ωc assum-
ing (a) an equal coupling frequency for all layers (Sim1) and (b) a coupling
frequency scaled with the diameter respecting the surface effect (Sim2).
The dashed white lines show the positions of the measured Raman modes
with its frequencies, which allow for the assignment of the measured BLM
frequencies to the three innermost tubes. The best agreement is found for
a coupling frequency of (a) 1.52THz and (b) 2.14THz marked by the black
dashed lines.
masses between two adjacent layers mn+1 −mn. The mass of individual layers in our
one-dimensional model is given by the number of C atoms on the layer surface. When
an equal distance is assumed for the C atoms, this is proportional to the diameter
of each layer, while the mass difference for two adjacent layers decreases for larger
diameters. Thus, the inter-layer coupling is expected to increase for larger diameters,
which can be described by a scaled coupling frequency
ωs =
√
1− dn+1[nm]− dn[nm]
dn+1[nm]
ωc (6.4)
between the n-th and (n + 1)-th layer with their diameters dn and dn+1 tending to
ωs = ωc for graphite with infinite diameters. Figure 6.3b shows the resulting calcu-
lation of the BLM frequencies when assuming a scaled coupling frequency according
to equation 6.4, which show far better agreement to the experimental values than the
prior model neglecting the surface effect. In this case, the best agreement between
simulated and measured frequencies is found at a coupling frequency of ωc = 2.14THz
as marked by the black dashed line in figure 6.3b. To be able to distinguish between
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Figure 6.4: Comparison of the measured (blue and red) and calculated Raman spectra
assuming an equal coupling frequency for all layers denoted as Sim1 (black)
and a coupling frequency respecting the surface effect denoted as Sim2
(green). The inset shows the absolute deviation Δω of the calculated
spectra from the measured values for the three innermost diameters.
theses two models, the previous model, assuming an equal coupling frequency for all
layers, is denoted as Sim1 and the latter model, assuming a scaled coupling frequency
according to equation 6.4, as Sim2 respectively.
In figure 6.4 the experimentally obtained spectra measured at a laser wavelength of
λ = 603 nm (blue) and λ = 647 nm (red) are compared with the calculated spec-
tra for Sim1 (black) and Sim2 (green). When assuming an equal inter-layer frequency
(Sim1), the calculated mode frequencies are down-shifted for the lower frequency mode
at 131 cm−1, while they are upshifted for the higher frequency modes at 161 cm−1 and
270 cm−1. This is shown in more detail in the inset of figure 6.4, which compares the
difference of the measured and the simulated Raman modes Δω = ωSim − ωRaman for
the three innermost diameters. The deviation for Sim1 is decreasing with the tube
diameter. This can be explained by the surface effect leading to a non-equal coupling
frequency decreasing for smaller diameters due to the decreasing number of interacting
C atoms. When this effect is taken into account in the calculation (Sim2), a far better
consistence of the simulated frequencies to the experimentally measured frequencies
can be obtained. As shown in the inset, the absolute deviation obtained for Sim2,
which takes the surface effect into account, is rapidly decreasing to zero for larger di-
ameters (marked by the dashed black line). Thus, it can be expected that the strong
down-shift of the frequency of the BLM of the innermost tube with a diameter of only
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dT [nm] ωRaman[cm−1] ωRBM[cm−1] ωSim1 [nm] ωSim2 [cm−1]
0.82 270 272.87 (1.1%) 277.53 (2.8%) 275.52 (2.0%)
1.52 161 147.20 (8.6%) 165.45 (2.6%) 160.78 (0.1%)
2.25 131 99.44 (23.9%) 126.75 (3.0%) 130.76 (0.2%)
2.96 75.59 108.74 115.41
3.65 61.30 89.40 93.40
4.35 51.44 60.71 61.38
Table 6.1: Comparison of the experimentally obtained BLM frequencies ωRaman and
calculated frequencies obtained by equation 3.12 (ωRBM), equation 6.2 as-
suming equal coupling (ωSim1) and a scaled coupling frequency (ωSim2) using
equation 6.4 respecting the surface effect for each measured diameter dT.
Deviation percentage from the experimentally obtained frequencies ωRaman
are given in brackets.
0.82 nm is due to the curvature effect, which is negligible for the second and the third
innermost tube with a diameter of 1.52 nm and 2.25 nm. Instead these BLMs show an
up-shift compared to the calculated RBMs for individual SWCNTs, which are caused
by the inter-layer phonon coupling.
A comparison of the observed and calculated BLM modes is given in table 6.1. The
relative deviations of each calculated frequency from the observed Raman frequency
ωRaman are listed in brackets. The frequencies ωRBM are calculated according to equa-
tion 3.12 by using the corrected tube diameters dT neglecting the vdW coupling.
While the percentage deviation is only 1.1% for the innermost counter-phase mode,
it increases rapidly for the intermediate Raman modes. This is in agreement with
the results observed by Zhao et al., who observed an up-shift of only ∼5% for in-
nermost layers within MWCNTs [128]. When taking the vdW coupling into account
and assuming an equal coupling frequency for all layers (Sim1), the calculated BLM
frequencies ωSim1 show a constant relative deviation of about 3% for the three inner-
most SWCNTs. After considering a coupling frequency that take the surface effect
into account according to equation 6.4 (Sim2), the relative deviation of the resulting
frequencies ωSim2 could be further reduced. But there is still a relative deviation of
2% between the observed and the calculated BLM frequency of the innermost tube,
which is rapidly decreasing for tubes with larger diameters and can be explained by
the curvature effect as described in chapter 2.4.
As discussed in section 3.3.3 Popov et al. showed that the counter-phase mode tends
towards the counter-phase B2g-mode of graphite with a frequency of 3.81THz [129] for
large diameters and increasing number of layers, while the in-phase mode is disappear-
ing for pure graphite. He et al. calculated that the vdW interaction in a multi-layered
graphene sheet causes resonant vibrations with frequencies in the terahertz range that
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increase for increasing numbers of layers approaching the B2g-mode of graphite [130].
Thus, we can expect that the coupling frequency ωc also increases with the number
of layers and larger diameters, becoming the B2g-mode of graphite for infinity diame-
ters and increasing number of layers, which is optically silent and therefore does not
show up in Raman spectroscopy [131]. The best agreement between the measured and
simulated frequencies is obtained for a coupling frequency of ωc = 1.52THz for Sim1
and ωc = 2.14THz for Sim2, shown by the black dashed lines in figure 6.3. While the
obtained coupling frequency for Sim1 is averaged over all contributing tubes due to
the assumed equal phonon coupling, the coupling frequency obtained for Sim2 com-
pensates the surface effect, resulting in a frequency, which is closer to the expected
frequency of the B2g-mode in graphite. This shows that the simple one-dimensional
model (Sim1) can be improved by respecting the surface effect (Sim2) leading to a
coupling frequency decreasing for smaller diameters.
6.2 Phonon modes in nanotubes bundles
As mentioned in section 3.3.3 phonon coupling can also be observed for bundles of
CNTs where the outermost layer of each CNTs is coupled to its neighbors by inter-
tube vdW interactions. For this case Rahmani et al. predicted an additional BBLM
mode for larger bundles [85].
To investigate this coupled phonon mode, a bulk sample is measured with FT-Raman
using a Bruker RAM II spectrometer at a laser wavelength of λ = 1064 nm. A high
amount of catalyst was placed on a Mo sample by using a heating plate before the
CNTs are synthesized by CVD at a growth temperature of TCVD = 900 . Thus,
large bundles of mainly SWCNTs and DWCNTs are expected to form due to their
inter-tube vdW interactions according to chapter 4.5.
Several peaks can be observed within the RBM region of the measured Raman spectra
shown in figure 6.5a. The expected diameters of the SWCNTs inducing these modes
can be determined by the 1/dT-dependence of their resonance frequency using equa-
tion 3.12 with A = 223.75 cm−1nm for SWCNTs [16]. This makes an assignment of
the used excitation energy of 1.167 eV (black dashed line) and the calculated diam-
eters (colored dashed lines) to the resonant energy transitions in the Kataura-Plot
possible, as shown in figure 6.5b. It shows that the peaks observed at 148 cm−1 (red)
and 165 cm−1 (green) arise from the ES22 transition and the peaks at 313 cm−1 (olive)
and 326 cm−1 (purple) from the ES11 transition. Because no frequency shift due to
inter-layer coupling can be observed, we attribute these peaks to RBMs of SWCNTs.
Only the strong peak at 263 cm−1 (blue) could not be assigned, because its calculated
diameter of dT = 0.85 nm leads to a resonance point between the resonance branches
(blue cross). Since the investigated CNTs are mostly SWCNTs and DWCNTs only
small deviations from the 1/dT-dependency due to the inter-layer coupling are ex-
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(a) (b)
Figure 6.5: (a) FT-Raman spectra measured at a laser wavelength of λ = 1064 nm
showing several peaks (colored) in the RBM region of a bulk sample pro-
viding a high yield of CNTs. (b) Besides the BBLM at 263 cm−1 (blue
cross) these modes can be assigned to their resonant transitions by the
Kataura plot (marked by their colors) at the laser excitation energy of
1.167 eV (black dashed line), which identifies it as a coupled phonon mode.
The calculated Kataura plot was provided by S. Maruyama [125].
pected. Thus, we can exclude that the observed peak at 260 cm−1 is a BLM. Because
this peak showed up for different kinds of substrates and decreased with the yield of
the CNTs, we propose that this peak is the predicted BBLM.
In order to be able to observe a BBLM, which arises from the RBMs of the outer-
most layers of CNTs in a bundle, the contributing CNTs need to be in resonance.
The outermost diameter of the CNTs contributing to the BBLM can be calculated
according to equation 3.15, which results in an outer diameter of douter = 1.53 nm.
This is consistent with the diameter calculated for the RBM at 148 cm−1, which is in
resonance at 1.167 eV and can therefore contribute to the BBLM.
To further investigate the observed mode at 263 cm−1, the sample is heated in air at
400 for 25 minutes, at 450 for 5 minutes and at 500 for 5 minutes consecutively.
The obtained spectra, which are normalized to the peak height of the G-mode, are
shown in figure 6.6a, where the observed RBMs and the BBLM are colored as before.
Besides the RBM at 165 cm−1 (green), which could not be fitted due to its broadened
line shape in the pristine sample, figure 6.6b plots the relative intensities for each
mode normalized to the intensity of the D*-mode. During the heating at 400 for 25
minutes no change of the intensities could be observed. After increasing the heating
temperature to 450 the intensity of the BBLM at 263 cm−1 is rapidly reduced, while
the intensities of the RBM at 148 cm−1 (red) belonging to larger diameters slightly
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Figure 6.6: (a) Change of the intensity of the RBMs (colored) and the BBLM (blue) af-
ter heating in air at 400 , 450 and 500 normalized to the intensity of
the G-mode. (b) Absolute intensities of the investigated modes normalized
to the intensity of the D*-mode for different heating times and tempera-
tures. The increase of the heating temperature was done consecutively.
decreases and the RBMs at 313 cm−1 (olive) and 326 cm−1 (purple) slightly increase.
In consistency with section 7.1.2 this shows that outer layers contributing to the RBM
at 148 cm−1 are removed due to their selective oxidation during heating in air. Thus,
inner layers become more accessible to Raman spectroscopy, resulting in an increase of
their intensities as show by the RBMs at 313 cm−1 and 326 cm−1. Since the RBM at
148 cm−1 originating from outer layers contributes to the observed BBLM, the removal
of these layers explains the rapid drop in intensity of the BBLM shown in figure 6.6a
and figure 6.6b. The removal of outer layers starts above a temperature of 450 ,
which is slightly higher than the oxidation temperatures investigated in section 7.1.2
due to the formation of large bundles being more stable against oxidation than smaller
bundles or individual CNTs.
Additional measurements, especially on individual bundles with varying outer diame-
ters and different number of tubes, are needed to further investigate the behavior of
the BBLM, which may provide the estimation of the number of CNTs and their outer
diameter within a bundle.
6.3 Summary
In this chapter BLMs and the BBLM were investigated, which are coupled phonon
modes arising from either inter-layer or inter-tube interactions. It was shown that
the BLM frequencies of the three innermost layers within an individual MWCNT
measured by confocal Raman spectroscopy could be simulated by a simple model
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based on a one-dimensional chain of equally coupled harmonic oscillators. In this
one-dimensional approach, curvature and surface effects are neglected. By assuming
a scaled coupling between adjacent layers, the surface effect could be compensated,
leading to a far better agreement of the simulated frequencies and the measured fre-
quencies.
The BBLM predicted by Rahmani et al. originating from RBM modes being resonant
at the used excitation energy was observed by FT-Raman spectroscopy using bulk
samples consisting of bundles of mostly SWCNTs. We could show that the intensity
of the BBLM rapidly drops when the contributing CNTs are removed by heating the
sample above 450 in air.
Coupled phonon modes provide additional information about the inter-layer struc-
ture and their inter-tube alignment in the Raman spectra, which can usually only be
obtained by HRTEM. A detailed correlation of HRTEM and Raman measurements
for different individual MWCNTs and separated bundles may therefore allow one to
simulate the BLMs and BBLMs for different diameters, providing a non-destructive
tool for the determination of inter-molecular arrangements of the measured CNTs. As
shown in chapter 7.1 and chapter 7.2 this is essential for the effective opening of CNTs,
which is necessary for the preparation of peapods.
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Chapter 7
Synthesis and characterization of
peapods
Carbon nanotubes (CNTs) filled with fullerene molecules, so-called “peapods”, re-
cently have generated a lot of interest because of their potential for electronic applica-
tions. The fullerenes inside tune the properties of the nanotubes, e.g. soften the modes
in nano-electro-mechanical devices [21, 22]. They offer the possibilities of building am-
bipolar CNT field effect transistors [19] and changing the properties of single electron
transistors [20]. If the CNTs contain endohedral fullerenes, i.e. fullerenes with an atom
inside, they form a model system for studying one-dimensional spin chains coupled to
a ballistic conductor. This can lead to new spintronic devices, such as spin-qubit ar-
rays for quantum information processing [23] as discussed in chapter 1.
Usually, peapods are produced from bulk material [132]. For electronic applications
they are suspended in a solvent and dispersed on a substrate, before contacts are fab-
ricated onto the individual CNTs for measurements [20, 100, 101]. This processing
suffers from several disadvantages: it does not allow the controlled positioning of the
nanotubes, the CNTs often cluster together in ropes, and the CNTs are rather short
(< 1 m) due to the sonication involved. Especially the latter inhibits the fabrication
of more complicated device structures as needed for e.g. double quantum dots [102] or
high-frequency irradiation [103].
CNTs synthesized by chemical vapour deposition (CVD), on the other hand, can be
grown individually on predefined sites with lengths of several micrometers [25]. These
CNTs have to be filled directly on substrate in order to keep these advantages. How-
ever, this approach has been accomplished only by very few groups so far [30, 31].
In this chapter a more detailed HRTEM study of the opening and filling process is
presented. Opening by air oxidation and acid treatment are compared for CVD-grown
CNTs for the first time.
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7.1 Opening of carbon nanotubes
Like all CNTs grown in a catalytic process, CVD-grown CNTs have closed caps, which
have to be opened before the CNTs can be filled. Opening of as-grown CNTs is
achieved by oxidation, which can be carried out either by annealing in air [133] or acid
treatment [134, 135, 136], the latter often followed by an annealing step [132]. However,
the effects of chemical reactions depend strongly on the amount and environment of
the reactants. Thus, individual CNTs on a surface are expected to behave differently
towards chemical treatment compared to bulk samples.
Bulk samples of CNTs are usually purified by acid treatment and most of the studies
on the opening of CNTs so far have been carried out with such kind of material.
This way, the effects of acid treatment and oxidation in air are never truly separated.
To discriminate between the defects created by those methods, the following study is
divided into two parts: First, the effect of oxidation by acid treatment without and
with a subsequent annealing step and second the oxidation by heating in air without
prior treatment are investigated and compared for both individual CNTs and bulk
samples. Structural characterization is done by HRTEM, which only shows a small
region of the observed sample. For comparison, bulk samples are investigated with
FT-Raman to obtain spectra that are characteristic for the whole sample.
7.1.1 Acid treatment
Because acid treatment is used to clean powder samples of CNTs [135], it removes
catalyst particles from the substrate. Because CNTs are usually fixed to the catalyst
particles, they become mobile during acid treatment and are removed from the
substrates as well. This has been observed by others [30] and is the reason why
oxidation using acid treatment has not been investigated so far for CNTs grown by
CVD directly on substrates. However, if grown with sufficiently high yield, enough
tubes remain on the substrate for analysis.
In order to directly study defects induced by the acid treatment, CNTs are grown
at TCVD = 1030 on perforated Si3N4 membranes and investigated with HRTEM.
According to chapter 4.5, mostly MWCNTs are expected at this growth temperature.
Since HRTEM is an destructive characterization method, the samples are investigated
after acid treatment only. To characterize the acid treatment process, bulk samples
are grown on quartz glass substrates at the same growth temperature as used before
for the perforated Si3N4 membranes and measured by using FT-Raman spectroscopy.
Prior to each measurement, the samples are flushed in deionized water to remove acid
residue from the sample. Series of the RBM region or the D/G-ratio were measured
at the same position on the sample. The acid treatment is carried out at 100 in
5M HNO3 stirred with 200 rpm. Figure 7.1a shows a HRTEM image of CNTs after
such a treatment for three hours without subsequent annealing. The remaining CNTs
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Figure 7.1: Samples after acid treatment: (a) The CNTs are covered with amorphous
material. (b) Magnification of the residue covering the CNTs. A CNT
is barely visible in the center. (c) Clean part of a sample with a rope
of CNTs, where amorphous carbon can be seen inside the tubes. White
arrows indicate defects on the rightmost DWCNT.
cluster together into thick ropes, which is expected since the CNTs are becoming
mobile during acid treatment due to the removal of catalyst particles as mentioned
above.
These ropes are strongly covered by amorphous material, as shown more closely in
figure 7.1b. This coverage resembles the findings applied in [132] for bulk powder
samples using much stronger acids and shorter reaction times, which suggests that
individual CNTs on a surface seem to be affected much more by acid treatment than
CNTs in a bulk powder sample. Obviously, they are more exposed.
Despite the coverage, parts of the tubes remain clean on the outside as shown for a
rope in figure 7.1c. The CNTs seem to be filled with amorphous carbon. In principle,
this feature could have its origin from material above or below the CNTs, because
the focal depth of the HRTEM measurements is about 11 nm. However, it seems to
be unlikely that the rope is covered from the top or bottom while the outer layers of
the rope are free from any residue. It can therefore be assumed that the amorphous
material resides within the CNTs.
Looking more closely at the DWCNT on the right of the rope in figure 7.1c, layer
defects are clearly visible. Sites can be found where both layers are affected, shown
by the upper white arrow, while the lower white arrows point to sites where only
the inner layer of the DWCNT has been damaged while the outer layer remains
unaffected. This is in contrast to prior reports of the oxidation of MWCNTs with
much stronger acids, where the caps of CNTs could be opened selectively [134] due to
their strong curvature induced by pentagonal carbon rings [137]. Instead Monthioux
et al. assume that defects in the layers of CNTs induced by acid treatment occur at
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Figure 7.2: (a) Change of the relative intensities of the BLMs during acid treatment
for bulk samples grown on quartz glass. The intensities are normalized
to the intensity of the G-mode. (b) Change of the D/G-ratio during acid
treatment. The inset shows the change in the relative intensity for the
most prominent Raman modes.
pre-existing defects like Stone-Wales defects created during CVD growth [132].
HRTEM measurements only show a selected part of a sample and it is difficult to
characterize a bulk sample by HRTEM alone. Therefore, FT-Raman spectroscopy is
used to investigate the RBM region of bulk samples grown on quartz glass substrates
during acid treatment. Since the CNTs are grown at TCVD = 1030 where we
expect mostly MWCNTs, the observed peaks are BLMs (see chapter 6.1) originating
from MWCNTs. Figure 7.2a shows the measured BLM spectra after different reaction
times while their intensities are normalized to the intensity of the G-mode. The
intensities of all modes are decreasing during acid treatment due to the removal of
tubes from the substrate. This is not seen in figure 7.2a, which shows the relative
intensities compared to the G-mode.
Two different groups of peaks can be identified on both sides of the BBLM at
265 cm−1, which was discussed in chapter 6.2. Its strong intensity indicates the high
yield of CNTs on the sample, leading to large bundles. The left group showing peaks
at 151 cm−1 and 175 cm−1 arises from CNTs with larger diameters than the CNTs
that induce the right group with peaks at 313 cm−1 and 330 cm−1, where the relative
intensities of all observed Raman modes stay nearly constant during acid treatment.
Furthermore, the D/G-ratio, given by the fraction of the intensity of the D-mode and
of the intensity of the G-mode, was monitored during acid treatment, which increases
with the reaction time as shown in figure 7.2b. To investigate if this increase of the
D/G-ratio is due to an increase of the intensity of the D-mode, the relative intensities
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of the most prominent modes, which are labeled by their name, are compared in
the inset of figure 7.2b. During acid treatment the relative intensity of the D-mode
remains almost constant, while the relative intensities of the other modes decrease
significantly. This can be explained by the removal of CNTs from the substrate while
the amount of amorphous carbon per remaining CNT increases. Thus, the increase
of the D/G-ratio during acid treatment is due to an decreasing relative intensity of
the G-mode caused by the removal of CNTs from the substrate, while the relative
intensity of the D-mode increases, because of an increasing amount of amorphous
carbon arising from oxidized CNTs, as shown in figure 7.1b.
Amorphous carbon covering the CNTs can be removed by subsequent annealing in
air [135, 138] which is used to purify the CNTs after acid treatment [139]. It was
carried out at 400 for 30 minutes, which decreases the thickness of the coverage by
partially removing it, as shown in figure 7.3a. The inset shows that sites where the
coverage is not completely removed are less homogeneous than before.
However, the tubes are not clean enough for filling and since carboxylic groups block
the entry ports [140], another annealing step in vacuum (p < 10−6 mbar) at 650 for
24 hours is added. Indeed the samples are much cleaner after this treatment, as shown
in figure 7.3b. The ropes are now covered with small particles. Sometimes, layered
structures within these particles are observed. They might be due to remaining
Figure 7.3: (a) Sample shown in figures 7.1 after heating in air. The coverage is only
partially removed. (b) Sample after acid treatment and annealing in air
followed by annealing in vacuum. The amorphous residue outside the tubes
is removed by the last annealing step. Small crystals are attached along
the CNTs. The inset shows the end of an opened DWCNT plugged with
amorphous carbon.
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catalyst particles contained within carbon shells, as discussed for similar objects in
[132]. The interior of the CNTs is still plugged with amorphous carbon, as shown
in the inset of figure 7.3b for the end of a DWCNT. A third wall starts forming
from the amorphous carbon on the outside at the lower end of this tube induced
by the electron irradiation. This process of graphitic shells forming from carbon
material due to electron irradiation annealing is known since the early 1990s [141].
It could be observed for different samples by taking time series, whereas an example
of the formation of a inner layer from encapsulated C60 molecules is discussed in
section 3.2.2.
The cleaning of the acid treated samples by additional annealing is confirmed by
FT-Raman measurements, where the samples are first placed into acid for 2 hours
and afterwards flushed with deionized water. Then they are heated in air at 450 ,
while every ten minutes a spectrum was obtained as shown in figure 7.4a. After
acid treatment (referred to as AT) the relative intensities stay almost constant which
does not indicate a diameter selective oxidation. This is consistent with the data in
figure 7.2a. Also after subsequential annealing, no significant change of the relative
intensities of all observed modes could be observed.
The D/G-ratio shown in figure 7.4b increases significantly after acid treatment,
while it decreases after subsequential annealing. This is due to an increase of the
relative intensity of the D-mode after acid treatment, while the relative intensities of
the G- and the D*-mode decrease as shown in the inset of figure 7.4b. After short
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Figure 7.4: (a) Relative intensity of the BLMs during acid treatment (AT) followed
by additional heating in air. (b) Change of the D/G-ratio for the same
sample. The inset shows the change in the relative intensity for the most
prominent modes during oxidation.
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subsequential annealing (∼5 minutes) the relative intensities of all modes increase
equally and stay constant for longer heating times. This is in agreement with the
partial cleaning of acid treated CNTs after subsequential annealing in air due to the
removal of amorphous carbon as observed by HRTEM in figure 7.3a. The increase of
the relative intensities of the G- and D*-mode after short heating can be explained
by a shielding effect induced by functional side groups and amorphous carbon, which
reduces the overall intensity of CNTs coated with amorphous material, as assumed
by Osswald et al. [142]. However, their relative intensities do not reach the starting
value indicating that tubes are removed from the substrate during the acid treatment.
As a brief summary, it can be concluded that compared to CNT powder sam-
ples from arc discharge or PLV material, oxidation by acid treatment has a stronger
effect on tubes grown directly on a substrate. The conditions for chemical treatment
of individual CNTs should therefore be chosen carefully and should be much weaker
than for bulk material.
A strong coverage with amorphous material appears directly after the treatment
which is consistent to the measured increase of the D/G-ratio during acid treatment.
The increase of the D/G-ratio arises from the increase of the intensity of the D-mode,
while the G- and the D*-mode decrease due to the removal of CNTs from the
sample. In powder samples the amorphous material has previously been ascribed to
surfactant residues [136]. Since we grow the tubes directly on the TEM substrates,
no surfactant is involved during the preparation. Instead, it is more likely that the
residue consists of amorphous carbon from destroyed tubes or dissolved shells of
MWCNTs. Furthermore, the acid treatment introduces functional side groups on
the surface of CNTs, which could be shown by highly hydrophobic CNTs becoming
hydrophilic after acid treatment and therefore being soluble in polar solvents like
N,N -dimethylformamide (DMF) [143].
This coverage can be only partially removed by heating in air, while annealing in
vacuum shows a much better result. However, afterwards small particles stick to the
tubes. It is expected that these are catalyst particles covered with carbon shells.
Since catalyst particles become mobile during acid treatment, the tubes are no longer
fixed to the substrate either. Instead, they cluster together in thick ropes, which
contain more tubes than the ropes in as-grown samples. Both effects are obstacles for
further processing of individual tubes, e.g., for electronic devices.
The caps of the CNTs are opened. However, since defects could be observed on the
layers of CNTs, this seems not to be a selective process. Layer defects occur even
with rather mild acid treatment (compared to the conditions of reference [138]). We
observed defects on the inner layers of DWCNTs while the outer layer remained
unaffected. This could explain why the tubes are filled with amorphous material,
since the remnants of inner layers stay inside. The finding that inner and outer layers
are equally affected is supported by Raman measurements, where no diameter-specific
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change of the intensities of the BLMs was observed after acid treatment.
7.1.2 Heating in air
Another way for opening the closed CVD-grown CNTs on substrates is oxidation
by heating in air. This has been successfully applied by others before [30, 31]. Air
annealing does not remove CNTs from the surface and does not change the catalyst
particles either. Thus, the CNTs remain at their growth position and formation of
ropes is due to the high yield of CNTs. The as-grown ropes contain fewer tubes than
the agglomerated ropes of the acid treated sample, while the diameters of the CNTs
are comparable.
In order to study the influences of heating in air, CNTs were grown at TCVD = 940
on Si substrates and investigated with AFM by using the tapping mode to exclude
defects induced by the AFM tip. After heating the substrate at 700 in air for 10
minutes, nearly all CNTs on the substrates are removed, while the catalyst particles
stay unaffected. If the heating temperature is reduced to 500 , CNTs on the
substrate are partially decomposed forming small clusters of carbon as shown in
figure 7.5a. This is in contrast to the observations of Ajayan et al. [133], who reported
that oxidation of CNTs occurs only at temperatures above 700 . This discrepancy
might be explained by the fact that Ajayan et al. investigated samples consisting
of MWCNTs with more than ten walls, while in this study mostly DWCNTs are
investigated, as discussed in chapter 4.5 for a growth temperature of TCVD = 940 .
This shows the necessity to characterize the pristine samples before the oxidation.
The heating temperature for the samples was then further reduced as shown in
710nm
(a)
100nm
(b)
Figure 7.5: AFM images of individual CNTs heated in air at (a) 500 for 10 minutes
and (b) 450 for 30 minutes.
90
7.1 Opening of carbon nanotubes
400nm
(a)
400nm
(b)
400nm
(c)
Figure 7.6: Investigation of an individual CNT after CVD growth heated at 450 for
(a) 0 min, (b) 10 min and (c) 20 min. White arrows point to induced
defects.
figure 7.5b for a sample heated at 450 for 30 minutes. It shows a CNT with a
diameter of about dT = 2nm, which is damaged at two positions. At this heating
temperature, no CNTs are removed allowing a detailed investigation of an individual
CNT with an outer diameter of about dT = 1.5 nm during heating in air as shown in
figure 7.6a. After heating at 450 for 10 minutes kinks are formed in the observed
CNT indicating defects in the atomic structure of its layers (white arrows) as shown
in figure 7.6b. Figure 7.6c shows the same CNT after a heating time of 20 minutes
were the CNT starts to decompose at these positions. Further heating leads to a
damage of the CNT as shown for the tube in figure 7.5b.
Figure 7.7: HRTEM measurements of CNTs after opening by oxidation in air syn-
thesized at different growth temperatures TCVD. White arrows indicate
defects in the sidewalls of the investigated CNTs, while black arrows point
at amorphous material surrounding the CNTs after oxidation.
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For a more detailed investigation of defects in CNTs induced by heating in air, CNTs
are grown on perforated Si3N4 membranes using different growth temperatures as
shown in figure 7.7. This allows the investigation of CNTs with different numbers
of layers by using HRTEM. All samples were oxidized at 450 for 20 min after
CVD growth. It is clearly shown for all samples that defects are created in the outer
layers (white arrows). Amorphous material from collapsed sidewalls is surrounding
the CNT in figure 7.7a (black arrows). The DWCNT shown in figure 7.7b shows a
defect in its innermost layer at a site where the outer layer is already removed, which
indicates that this tube is opened. In contrast to the MWCNT in figure 7.7a, which
is still closed by remaining layers, the DWCNT in figure 7.7b and the DWCNT in
figure 7.7c are filled with amorphous material. HRTEM measurements confirm that
this amorphous material within the CNTs is quite moveable. Since no defects on the
inner layer could be investigated for the DWCNT in figure 7.7c, this might indicate
that this DWCNT is also opened, leading to amorphous carbon from former layers
being sucked into its inner hollow through an opened entry port not seen in the
image. This is shown more clearly in figure 7.8 for a bundle of DWCNTs, which shows
opened entry ports (white arrows) after heating at 450 for 20 minutes. Several
DWCNTs are filled with amorphous material, which plug the opened entry ports.
This amorphous material inside the CNTs could be observed only very rarely for
CNTs investigated directly after CVD growth (see figure 4.6b in chapter 4.5). The
inset of figure 7.8 shows an individual SWCNT from the same sample. Clear layer
defects can be seen, which are also plugged with amorphous carbon. This effect of
amorphous carbon being sucked inside CNTs during heating in air has been observed
5 nm
5 nm
Figure 7.8: Rope of DWCNTs showing opened entry ports (white arrows) after heating
at 450 for 20 min. This allows amorphous material to creep inside the
holes as shown in the inset for a SWCNT.
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Figure 7.9: (a) Change of the BLM region for a sample grown at TCVD = 1030
and (b) the D/G-ratio for samples grown at different growth temperatures
TCVD during heating. The inset shows the relative intensities of the most
prominent Raman modes.
before for MWCNTs by Ajayan et al. [133].
In contrast to the acid treated samples, no defects on inner layers can be observed
with the outer layers remaining unaffected. Further oxidation predominantly occurs
at defect sites, and thus, CNTs are opened starting from the outer layers. Therefore,
opening of MWCNTs needs longer heating times than for DWCNTs as shown for the
MWCNT in figure 7.7a compared to DWCNTs shown in figure 7.7b, figure 7.7c and
figure 7.8. Thus, the optimal heating time to open a CNT without inducing too much
damage depends on their growth temperature TCVD.
In order to study the effects of the heating in air on CNTs with different diameters,
FT-Raman spectra of the RBM region are obtained for bulk samples after different
reaction times as shown in figure 7.9a. During heating in air, the intensity of the
BLMs at 149.7 cm−1 and 174.5 cm−1 belonging to tubes with larger diameters is
reduced, while it is increased for tubes with smaller diameters showing BLMs at
312 cm−1 and 329.8 cm−1. This effect can be observed after short heating times
(∼5-10 minutes), while longer heating shows no further changes in the Raman
spectrum. The relative intensity of the BBLM stays nearly constant during heating
in air.
Furthermore, the D/G-ratio is investigated for CNTs grown at different temperatures
TCVD on Mo samples, as shown in figure 7.9b. The absolute values of the D/G-ratio
for the pristine samples are increasing with growth temperature, indicating that
the amount of amorphous carbon and defects are increased. CNTs synthesized at
TCVD = 1030 show a strong increase of the D/G-ratio with heating time, which
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is strongest between 5 and 10 minutes and saturates after 20 minutes. The inset
of figure 7.9b shows for these CNTs that the increase of the D/G-ratio is mainly
due to an increase of the relative intensity of the D-mode, though the intensities
of the other modes are slightly reduced. For CNTs grown at TCVD = 940 and
TCVD = 860 , no or only a slight increase is observed. This is in agreement with
the fact that oxidation occurs preferably at defect sites, since samples grown at
TCVD = 1030 show also the highest D/G-ratio before oxidation. Furthermore,
according to chapter 4.5 CNTs synthesized at higher TCVD have on average a larger
outer diameter providing a larger surface for oxygen molecules to react. However,
from these explanations one would expect a stronger increase of the D/G-ratio
for the sample grown at TCVD = 940 than actually observed. Thus, other
effects have to come into play to explain this result. One possibility could be the
creation of more defects due to the larger number of layers for CNTs synthesized
at TCVD = 1030 , because more amorphous material is created from former lay-
ers (see black arrows in figure 7.7) leading to an increase of the intensity of the D-mode.
In summary the CNTs are opened after oxidation as indicated by defects in
their layers observed by HRTEM for all investigated methods. The oxidation by acid
treatment for a few individual CNT on a surface has a stronger impact compared to
bulk material and the conditions of the reaction need to be adapted. For heating in
air, the conditions are very similar to those used for treatment of bulk samples, but
since the oxidation starts at the outer sidewalls, the reaction time for the opening of
an individual CNTs also depends on its number of layers. Therefore, it is essential
to characterize the pristine samples before opening to determine the number of
layers and the yield of CNTs in the sample. This allows one to adjust the optimum
oxidation temperature and heating time, avoiding the decomposition of CNTs or the
introduction of too much damage, as shown by AFM on individual CNTs.
Catalyst particles are removed by acid treatment. Thus, CNTs are no longer fixed
and cluster together in thick ropes or are removed from the substrate. Furthermore,
the acid treated CNTs show a strong coverage with amorphous material in HRTEM
images. This coverage can be only partially removed by heating in air, while annealing
in vacuum shows a much better effect. This is confirmed by FT-Raman measurements
of the D/G-ratio, which is increasing due to the strong coverage with amorphous
material. After subsequential annealing in air the D/G-ratio is decreasing without
reaching its original value due to the removal of CNTs from the substrate.
In contrast to the acid treatment, opening by heating in air only produces small
amounts of amorphous carbon on the outer layers of the CNTs. This is in agreement
with the change of the D/G-ratio during the opening process. The amount of
amorphous carbon and defects are increased for CNTs grown at higher temperatures.
Monthioux et al. argue that due to the more stable structure of individual layers,
defects must be present in the layers before oxidation to induce layer defects [132].
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Such disclinations like Stone-Wales defects, a twinned pentagon-heptagon pair
increasing the curvature of the CNTs, result in sharp kinks as observed with AFM
measurements in figure 7.6 during oxidation. This explains the observation of defects
in the layers of CNTs for both oxidation methods investigated in this chapter.
Because more residual material is produced at higher growth temperatures due to the
increased decomposition of methane, it can be expected that more defects are formed
for CNTs synthesized at higher temperatures, which occur preferably in the presence
of attached residue material on the outer layers.
Residue material could also be observed within the CNTs by using HRTEM, with the
amount of this material being much higher for the acid treated samples. A comparison
of the resonant RBM spectra indicates that the thermal oxidation removes the outer
layers leading to smaller diameters, while the acid treatment is affecting the CNTs
from inside and outside alike. This is confirmed by HRTEM measurements where
for thermal oxidation, defects can be observed on the outer layers, while the acid
treated samples show defects on outer as well as inner layers. Thus, the high amount
of residue material investigated within the CNTs after acid treatment may consist
of remnants from destroyed inner layers. With heating in air, on the other hand,
the inner layer is oxidized after the outer layers as suggested, but not shown by
Chikkannanavar et al. [30]. Amorphous carbon is sucked inside, plugging the entry
ports of the opened CNTs, which leads to the smaller amount of amorphous material
inside the CNTs.
The bundling of CNTs after acid treatment due to the removal of catalyst particles
and the strong coverage of the CNTs with amorphous carbon blocking their entry
ports are obstacles for further processing of individual CNTs, for example, for
electronic devices. Furthermore, CNTs are affected on the outermost and the
innermost sidewall as well leading to a high amount of amorphous carbon within the
CNTs, which prevents later filling. Thus, opening the CNTs by heating in air is the
preferred method, which will be used to open CNTs in the following. However, if the
individual tubes and the catalyst particles are somehow fixed to the substrate, for
instance, with electrodes, and the as-grown CNTs consists mostly of SWCNTs, acid
treatment might be still an option.
7.2 Filling CNTs with C60 molecules
CNTs filled with C60 molecules, so-called peapods, are usually produced from bulk
material [132]. In order to produce individual peapods which are usable for transport
measurements, this has to be achieved from CVD-grown CNTs directly on substrates.
This is more challenging due to the limited methods to clean the CNTs before and
after filling without removing them from the substrate, e.g. as reported for sonication
methods [144]. Therefore, the filling of CVD-grown CNTs directly on the substrate
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could only be achieved by a few groups so far [30, 31].
Several filling methods can be used, while the solvent filling [54, 145, 146] and the vapor
filling [30, 147] are the most common. Both methods use different ways to transport the
C60 molecules to the entry ports of the CNTs. While during solvent filling, the samples
are placed in a solution saturated with C60 molecules, they are directly evaporated
onto the outer layers of the opened CNTs at pressures below 10−6 mbar during vapor
filling. In this thesis, vapor filling is used, which will be studied in the following for
CNTs grown by CVD directly on substrates.
For bulk material, vapor filling is commonly achieved by placing the CNTs together
with C60 powder inside a quartz glass tube, which is evacuated (p < 10−6 mbar) and
sealed afterwards. According to Mathews et al. [148] the sublimation temperature
T Sub of C60 as a function of the pressure p is given by
T Sub[ ] =
−9777± 138
log p[mbar]− 9.582± 0.126 − 273.15. (7.1)
Thus, for pressures below p = 10−6 mbar, sublimation starts approximately at 400 .
Therefore, the sealed quartz glass tube is heated at 450 for 72 hours in order to
sublime the C60 molecules, which condense on the outer surface of the opened CNTs.
These C60 molecules are quite mobile, allowing surface diffusion as investigated
by Smith et al. during in situ annealing above 325 [136]. Molecular dynamic
calculations by Berber et al. show that the optimum temperature for the peapod
formation is close to 400 , allowing surface diffusion until a defect is reached and
the C60 molecule can enter the CNT [149]. This is an exothermic process in which an
individual C60 molecules gains an energy of 0.51 eV when entering a (10,10) SWCNT
and stays inside the tube afterwards [150].
Different cleaning methods to remove the C60 molecules sticking to the surface of
the CNTs after filling have been used. Their effect on the CNTs and fullerenes is
discussed in the following. Figure 7.10a shows an individual CNT, that was cleaned
by stirring the sample for one hour in toluene. After this procedure, individual CNTs
are still strongly covered with C60 molecules as indicated by HRTEM measurements
shown in figure 7.10a, which prevents the investigation of their atomic structure and
their filling.
If the CNTs are stirred in 1-phenylnaphthalene, which provides a higher solubility
of C60 (50mg/ml) compared to toluene (2.8mg/ml) [151] after vapor filling, the
coverage of individual CNTs is slightly reduced, as shown in figure 7.10b, allowing the
observation of individual C60 molecules at the surface of the CNTs. But the coverage
is still too thick to further investigate the shown CNT. The white arrow points at a
side where C60 molecules could be partially removed from the surface of the tube.
Figure 7.10c shows a HRTEM picture of a sample that was annealed at 600 at a
pressure below 10−6 mbar for 20 hours. The coverage of the CNTs with C60 could
be further reduced, as indicated by clean regions marked by the white arrows, but
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(a) (b)
15 nm
(c)
Figure 7.10: Strong coverage of individual CNTs with C60 molecules after vapor filling
using a quartz glass tube and additional cleaning by (a) stirring for 1h in
toluene, (b) stirring for 1.5 hours in 1-phenylnaphthalene and (c) heating
at 600 for 20 hours at a pressure below 10−6 mbar. White arrows point
at sites of CNTs which are partially cleaned from C60 molecules.
at least one monolayer of C60 remains sticking to the outer sidewall of the CNTs,
and could not be removed by further stirring or annealing after the exposure to
air. A possible explanation is that C60 molecules react with the outer layers of the
CNTs and are afterwards hard to remove from the CNTs. This finding is consistent
with observations of Smith et al., who observed that damaged C60 molecules on the
surface of CNTs are not moveable anymore and become fixed during annealing at low
pressures [136].
As discussed above, the entry ports of oxidized CNTs are often plugged with
amorphous carbon preventing their filling with C60 molecules. This material plugging
the entry ports of oxidized CNTs can be removed with an additional annealing step
in vacuum as suggested by Ugarte et al. [152], which removes exterior amorphous
material from the outer layers of CNTs. Thus, CNTs could only be filled if the sample
was annealed at high temperatures in vacuum (p < 10−6 mbar) directly after opening.
When a sample was exposed to air for several hours a removal of these plugs was not
possible anymore, which suggest reactions of the amorphous material and the defect
sites with the atmosphere forming oxygenic compounds. Thus, after opening of the
CNTs by heating in air, they are additionally annealed in vacuum directly after their
opening, which cleans the outer layers from amorphous carbon and opens their entry
ports, leading to CNTs that are ready to be filled with C60.
For this purpose, a UHV-chamber was built as shown in figure 7.11a. It is equipped
with a micro-evaporator and an additional substrate heating, which are regulated
by two independent temperature controllers up to 900 . The turbo pump with
a backing pump allows pressures down to 10−8 mbar inside the UHV-chamber.
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Figure 7.11: (a) Setup of the built UHV-chamber. (b) Schematic illustration of the
vapor filling inside the UHV-chamber.
Figure 7.11b shows the schematic illustration of the vapor filling inside the chamber,
where C60 powder is filled inside an alumina crucible located within the evaporator.
Directly before the evaporation of the C60 molecules on the substrate, the oxidized
CNTs are heated up to 900 for 1.5 hours below 10−6 mbar to remove amorphous
carbon plugging the entry ports. The C60 molecules are evaporated at a pressure of
10−6 mbar onto the substrate, while the shutter allows one to define the evaporation
process for a selected period of time. Additional heating of the sample to about
100 during evaporation allows one to control the thickness of the coverage with
C60 molecules, which decreases with increasing substrate temperature. Thus, a more
controlled deposition of C60 molecules on the CNTs was achieved. After evaporation,
the sample is held at a temperature of 400 for 48 hours to allow surface diffusion
of the C60 molecules until they enter the CNTs through defect sites forming peapods.
Afterwards, the sample is cleaned of exterior C60 by a final annealing step at 650
and pressures below p = 10−6 mbar for more than 48 hours. Thus, besides the better
control of the C60 evaporation using vapor filling inside the UHV-chamber, this
method also allows the in situ cleaning of the CNTs from exterior C60 molecules
without exposing the sample to air. At higher annealing temperatures after filling, the
coalescence of interior C60 molecules forming a new inner tube could be investigated
by HRTEM. This was also observed by Bandow et al. for filled SWCNTs which form
DWCNTs above ∼800 [153].
When the period of time for the encapsulation of C60 molecules is too short, partial
filling can be observed as seen for a sample in figure 7.12, which was annealed at
400 for only 24 hours after the evaporation of C60. The encapsulated C60 molecules
are pushed inside the shown SWCNT by further C60 molecules entering the entry
ports.
When the sample is held at a temperature of 400 for 48 hours after the evaporation
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5 nm
Figure 7.12: Partial filling of a SWCNT heated at 400 for only 24 hours after the
evaporation of C60.
of C60, allowing a longer surface diffusion of the C60 molecules before entering the
CNTs through opened entry ports, clean peapods could be synthesized from CNTs
with different number of layers as shown in figure 7.13. Due to the in situ cleaning
by annealing at low pressures, the filling of individual peapods can be observed by
HRTEM. As mentioned before in chapter 4.5, it can be seen that the number of
sidewalls and the diameter of the CNTs are increasing with TCVD.
As discussed in chapter 2.7, different ordered phases of C60 molecules can be observed
inside the CNTs depending on their inner diameter [54] shown by the white arrows
in figure 7.13. While an amorphous phase of C60 molecules is shown in figure 7.13a, a
straight chain phase and a zigzag phase can be found in figure 7.13b and figure 7.13c
Figure 7.13: HRTEM measurements at 80 keV of peapods synthesized from CNTs
grown at different growth temperatures TCVD. White arrows point at
different ordering phases of the C60 molecules inside the CNTs.
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respectively.
All samples were oxidized for 20 minutes at 450 except the sample synthesized
at TCVD = 1030 (figure 7.13a), which was opened by oxidation at 500 for 20
minutes due to the larger number of sidewalls of CNTs in the sample. Thus, the
in situ cleaning of the samples within the UHV-chamber leads to cleaner surfaces
compared to the other investigated cleaning methods.
Besides HRTEM, confocal Raman spectroscopy helps to prove the filling of CNTs with
C60 molecules by its characteristic C60 modes. Figure 7.14 shows the Raman spectrum
of a C60 crystal measured at room temperature. The red curve was measured with
FT-Raman spectroscopy at a laser wavelength of λ = 1064 nm, while the blue curve
is obtained by confocal Raman spectroscopy at a laser wavelength of λ = 488 nm.
The characteristic modes of C60 are marked with their designations. The intensity of
all modes is considerably smaller for the confocal Raman spectrum as compared to
the FT-Raman spectrum. This is expected since FT-Raman spectroscopy illuminates
a larger area of the sample, which results in a higher intensity of all C60 modes.
The most prominent mode at λ = 1064 nm is the Ag(2)-mode and we will focus on
this mode in the following. It arises from an in-phase stretching of the diameters of
all pentagons within the C60 molecule and is very sensitive to distortions induced
into the fullerene cage. Compared to the FT-Raman spectrum, the confocal Raman
spectrum shows two significant differences for this mode. First, its relative intensity is
significantly suppressed and secondly, its frequency shows a small down-shift. While
the Ag(2)-mode is located at 1469 cm−1 for a laser wavelength of λ = 1064 nm, it
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Figure 7.14: Comparison of the Raman modes of a C60 crystal measured at a laser
wavelength of λ = 1063 nm (red curve) and λ = 488 nm (blue curve).
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appears at 1459 cm−1 for λ = 488 nm. The reason for the differences in the two
spectra measured at different laser wavelength is the photopolymerization of the C60
molecules, which was first noted by Rao et al. [154]. They observed a downshift of
∼9 cm-1 after photopolymerization, which forms polymers of C60 molecules via the
[2+2] cycloaddition reaction [155]. Wang et al. discussed the kinetics of the C60
photopolymerization reaction and estimated an activation energy of 1.25 eV [156].
This is consistent to the measured spectra, while the laser wavelength of λ = 1064 nm
and λ = 488 nm corresponding with a energy of 1.17 eV and 2.54 eV are below and
above the required activation energy for the photopolymerization respectively.
In order to investigate synthesized peapods, a sample with a high yield of CNTs was
grown at TCVD = 925 on a perforated Si3N4 membrane and filled with C60 as
shown by the HRTEM image in figure 7.15a. It shows a bundle of mostly DWCNT
peapods, while exterior C60 molecules could be completely removed by the in situ
cleaning. Images from different sites of the sample indicate a high yield of synthesized
peapods, which is difficult to determine quantitatively, since individual peapods could
not be separated within a bundle in the HRTEM images.
Figure 7.15b shows the Raman spectrum of the same sample, which was measured
by using an Ar laser at a wavelength of λ = 488 nm in a confocal setup. From
the estimated yield of CNTs within the sample we can conclude that the observed
spectrum arises from a few hundred CNTs illuminated by the laser spot with a
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Figure 7.15: (a) HRTEM image of a cleaned peapod sample grown on a perforated
Si3N4 membrane. (b) Confocal Raman spectrum of the same sample
measured at a wavelength of λ = 488 nm. The inset shows the observed
down-shifted Ag(2)-mode of interior C60 molecules.
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diameter of ∼1 m, while most of the CNTs are filled with C60 molecules as seen
in figure 7.15a. The inset of figure 7.15b is a zoom-in of the Ag(2)-mode of interior
C60. Its frequency is down-shifted by ∼3 cm-1 with respect to C60 crystals measured
at a laser wavelength of λ = 1064 nm. Although photopolymerization is expected,
the down-shift of the Ag(2)-mode is surprisingly small. A similar down-shift of
the Ag(2)-mode was observed by several authors [147, 157, 158], which assume
photopolymerization of the C60 molecules inside the CNTs induced by the laser
irradiation. They argue that the deviance of this down-shift compared to C60
crystals is due to the formation of one-dimensional polymers inside the CNTs. This
assumption is confirmed by HRTEM studies of Hirahara et al. [159] and Zhou et al.
[158], who observed an intermolecular distance for C60 molecules in peapods that is
smaller than for bulk crystals, but larger than for C60 polymers being consistent with
XRD studies [147].
However, the down-shift observed for peapods in figure 7.15b is in good agreement
to the published results, which confirms the high quality of the produced peapods
directly on substrates. This offers a non-destructive confirmation of the peapod
synthesis. Because of the small intensity of the Ag(2)-mode compared to the modes
of the CNTs, this method is only accessible for bulk samples with a high filling
percentage. Furthermore, several authors observed a shift of about 3 cm−1 in the
frequency of the RBMs after filling, due to interactions between the interior C60
molecule and inner SWCNT [31, 71, 160], which may provide the confirmation of the
filling of individual CNTs.
In summary, vapor filling of opened CNTs was achieved by placing the sample
together with C60 powder inside an evacuated quartz glass tube. This leads to a
strong coverage of the CNTs with C60 molecules preventing the investigation of
their inner hollow. In addition to cleaning the sample by stirring in toluene and
1-phenylnaphthalene annealing in vacuum is most effective, although C60 sticking at
the outer surface could only be partially removed
After the exposure of the sample to air for several hours a removal of amorphous
carbon plugging the entry ports of the opened CNTs and exterior C60 molecules
after filling was not possible anymore, which suggests reaction with the CNTs. This
could be avoided by a custom-built UHV-chamber, which facilitates not only the
removal of amorphous material from the outer layers of the CNTs before filling, but
also the cleaning of the peapods in situ after filling. These additional annealing steps
in vacuum are essential to fill the CNTs by opening the entry ports of the oxidized
CNTs and to investigate their inner hollow by HRTEM.
This makes the production of clean peapods with different numbers of layers possible,
while the period of time for the annealing of the substrate at 400 is directly
influencing the filling yield. This synthesis step promotes the surface diffusion of the
C60 molecules on the outer layers of the CNTs until an entry port is reached and
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leads to partial filling for a annealing time below 48 hours.
Besides HRTEM, filling of bulk samples can be confirmed with non-destructive
Raman spectroscopy by a down-shift of the Ag(2)-mode, which is consistent with the
results of other authors. But due to the small intensity of the Ag(2)-mode compared
to the Raman modes of the CNTs, this method is only feasible for bulk samples with
a high filling yield.
7.3 Summary
In this chapter we showed that the filling of CNTs directly on substrates is possible,
resulting in clean peapods that can be used for later transport measurements. Two
different commonly known methods for the opening of as-grown CNTs in bulk powder
samples were adapted for use with individual CNTs on substrates, which were studied
and compared with each other. These are oxidation by acid treatment and oxidation
by heating in air. In contrast to acid treatment, which removes catalyst particles
leading to the formation of thick bundles, heating in air does not remove catalyst
particles, allowing the investigation of individual CNTs during heating as shown by
AFM measurements. Furthermore, the acid attacks the CNTs from inside and outside
leaving a large amount of amorphous material inside the CNTs which originates from
former layers. This prevents the filling of these CNTs. Heating in air on the other
hand, oxidizes the CNTs selectively from the outside, which reduces the amount of
amorphous carbon inside the CNTs significantly. The entry ports of these tubes
are often plugged with amorphous material, which can be removed by subsequential
annealing in vacuum. This results in clean and open CNTs that are ready for filling.
A UHV-chamber was set up for the filling of the CNTs, which allows for control of
the amount of evaporated C60 by additionally heating the substrate. Furthermore,
the UHV-chamber is used to clean the sample after filling in situ by heating the
substrate above the sublimation temperature, removing excessive fullerene molecules
completely. The remaining tubes and peapods are very clean on the outside allowing
detailed HRTEM studies. This was not possible for samples exposed to air after
C60 evaporation for several hours, suggesting that reactions between C60 and the
outer layers of CNTs are induced. Similar effects could be observed for amorphous
material, which was sucked inside the opened entry ports of the CNTs after opening
and could only be removed by heating at a temperature of 900 and pressures below
10−6 mbar for 1.5 hours directly after opening.
HRTEM images of in situ cleaned samples show that interior C60 molecules form
different phases depending on the diameter of the CNTs. Raman spectroscopy as
a non-destructive method is used to detect the C60 molecules inside the CNTs by
observing a shift of the Ag(2)-mode in cleaned bulk samples of peapods, which is
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consistent with the results of other authors.
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Chapter 8
Conclusions and Outlook
In this thesis carbon nanotubes (CNTs) were synthesized by chemical vapor deposition
(CVD) in order to fill them with C60 molecules directly on substrates. A detailed char-
acterization of the as-grown pristine material at different growth temperatures with
different catalysts permits the improvement of the synthesis parameters. We showed
that the yield of synthesized CNTs can be controlled by the amount of catalyst parti-
cles on the substrate, while the number of layers and the mean diameter is influenced
by the growth temperature TCVD.
Due to the invasive behavior of high-resolution transmission electron microscopy
(HRTEM), even at electron energies as low as 80 keV, this characterization method is
only feasible as the last step and needs perforated substrates. While the surface of
a CNT can be characterized by atomic force microscopy (AFM) or scanning electron
microscopy operated under ultra-high vacuum conditions (UHV-SEM), an investiga-
tion of the inner structure including its number of layers or its filling is, in general,
not possible with these methods. Therefore, the usability of Raman spectroscopy as
a method for the pre-characterization of the studied samples was investigated. This
is quite challenging since Raman spectroscopy mainly probes the electronic properties
of the measured CNTs, which are influenced by different effects like purity, yield and
their inter- and intra-molecular arrangement. Therefore, it is difficult to disentangle
the atomic structure of an individual CNTs by Raman spectroscopy alone.
This difficulty could be overcome by a direct correlation of HRTEM and Raman spec-
troscopy on the same individual CNT. In this way, we were able to study the influences
of the atomic structure on the obtained Raman spectra for both single-walled CNTs
(SWCNTs) and multi-walled CNTs (MWCNTs). The most powerful feature within
Raman spectroscopy is the radial breathing mode (RBM) providing the determination
of the diameter of inner layers of MWCNTs, which is most important for later filling.
The strong resonance behavior of the RBM is ambivalent: On the one hand, it allows
for the separation of individual CNTs in a bundle, which is not possible by using
HRTEM. On the other hand, the RBM of an individual CNT is hard to find without
any additional information about the diameter due to the very small window of this
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resonance. Thus, at selected positions, where an individual SWCNT could be located
with either AFM or UHV-SEM, the sample has to be scanned using resonant Raman
spectroscopy (RRS) by tuning the laser excitation energy in small steps, which makes
this method extremely time-consuming.
However, when the RBM can be obtained it provides information about the diameter
of the corresponding SWCNT, but also its family in the Kataura plot, which defines
its electronic behavior. Furthermore, a correlation of RRS and HRTEM on the same
individual MWCNT makes a determination of both its optical transition energy and
its diameter possible with high accuracy. This offers not only an assignment of the
measured CNTs to their family, but also a determination of their family branch, which
permits one to distinguish between metallic and semimetallic SWCNTs. This is ex-
tremely important for the interpretation of future transport measurements.
In this thesis, coupled phonon modes were investigated for an individual MWCNT
and a small bundle of SWCNTs for the first time experimentally. These modes arise
from the coupling between adjacent layers in MWCNTs or in bundles due to vdW
interactions. Thus, in the case of MWCNTs breathing-like modes (BLMs) are ob-
served, while for bundles bundle-breathing-like modes (BBLMs) arise, as predicted
by Popov et al. [84] and Rahmani et al. [85], respectively. This could be shown by
a correlation of Raman spectroscopy and HRTEM on the same individual MWCNT,
while a small bundle was investigated with FT-Raman spectroscopy combined with
an annealing study in air to remove the outer layers of those CNTs, which contribute
to the inter-tube phonon coupling in bundles. A model based on a one-dimensional
chain of equally coupled harmonic oscillators was presented to simulate the non-linear
frequency shifts of the BLMs, induced by the inter-layer coupling, compared to the
RBMs expected for SWCNTs. Thus, the simple 1/dT-dependence of the observed ra-
dial Raman modes is no longer valid for MWCNTs. Further measurements of different
individual MWCNTs and separated bundles may therefore allow the simulation of the
BLMs and BBLMs for different diameters, providing a non-destructive tool for the
determination of inter-molecular arrangements. Furthermore, we could show that the
width of the obtained resonance profiles for BLMs of an individual MWCNT differs
compared to the resonance profiles of individual and bundled SWCNTs. This pro-
vides additional information of the inter-layer structure and the inter-tube alignment
of CNTs, which can usually only be obtained by HRTEM and offers a new way for
the pre-characterization of individual CNTs grown on substrates for later transport
measurements.
We could show that the synthesis of peapods from CVD-grown CNTs directly on
substrates is possible. For the first time this was confirmed by a detailed study of
each synthesis step using HRTEM and Raman spectroscopy. Two different oxidation
techniques for opening CVD-grown CNTs, acid treatment and heating in air, were in-
vestigated in order to synthesize peapods on a substrate. During heating in air, inner
layers are oxidized along with the outer layers, while during acid treatment, CNTs are
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dissolved from the outside and the inside. Both oxidation methods lead to amorphous
carbon inside the tubes, which is most prominent for the acid treated samples. Thus,
we suggest that in the case of the acid treatment this amorphous material, which
prevents later filling, consists of remnants from destroyed inner layers. Furthermore,
acid treatment removes individual CNTs from the substrate. Therefore we focused
on the oxidation of CNTs by heating in air, which leads to amorphous carbon that is
sucked inside the tubes, plugging the opened entry ports. Another difficulty was the
cleaning of the CNTs of C60 molecules sticking to the outer layers after evaporation
of C60. These problems could be solved by using a self-constructed UHV-chamber for
the vapor filling, which permits the removal of the plugs before and cleaning of the
samples after filling in situ by heating the substrate above the sublimation tempera-
ture. The remaining tubes and peapods are very clean on the outside and therefore
suitable for the fabrication of electronic devices. They show different ordering phases
of C60 molecules inside the CNTs, which directly depend on the inner diameter of the
observed peapod. When endohedral fullerenes are used instead of empty C60, this may
allow the investigation of different spin couplings for different phases, which could help
to study the transition from a one-dimensional spin system to a quasi-crystal providing
different orientations and distances.
For bulk samples, the filling of CNTs with C60 molecules can also be confirmed by
their characteristic Raman modes. This was shown for a cleaned peapod sample,
where the Ag(2)-mode of C60 could be investigated, which showed a small down-shift
in frequency, in agreement to other groups. Further experiments are needed to explain
the origin of this slight shift, which may be due to tube-C60 or C60-C60 interactions.
However, since this shift could only be observed for C60 molecules located inside CNTs,
it allows us to confirm the filling of a bulk sample. But, because of the weak intensity
of the Ag(2)-mode, which is additionally decreased inside CNTs, filling of individual
CNTs has to be proven by changes in the Raman modes of the CNT itself. Thus, fur-
ther experiments on an individual CNT before and after filling are needed to study the
influence of interior C60 molecules on the Raman modes of the encapsulating CNT.
This thesis confirmes the possibility to synthesize individual peapods directly on a
substrate and to characterize them by either HRTEM as a last step or by Raman
spectroscopy before further measurements, which permits to selectively choose ade-
quate peapods for later transport measurements. Thus, this work lay the foundations
for the fabrication of selected peapod based quantum devices in the future.
A first quantum transport device, which was fabricated with Au leads by K. Goß using
electron beam lithography (EBL) on a Si substrate is shown in figure 8.1a. The black
arrow points at the contacted unfilled CNT, which is coated by the source (S) and
drain (D) contact on the left and on the right side, respectively. The gate contact is
located in proximity of the CNT to tune the potential of the resulting quantum dot. A
stability diagram of a similar device, featuring a quantum dot length of about 740 nm
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Figure 8.1: (a) AFM image of a contacted individual CNT (black arrow). The gate
electrode (G) between the source (S) and drain (D) contacts provides the
tuning of the potential of the quantum dot. (b) Stability diagram for a
similar device measured at 40mK for different gate voltages Vg showing
the expected Coulomb diamonds. White arrows point at features in the
Coulomb blockade regime.
was measured by K. Goß at 40mK, as shown in figure 8.1b. It shows characteristic
diamonds for different gate voltages Vg, resulting from the Coulomb blockade. These
diamonds show features in the Coulomb blockade regime marked by white arrows that
lead to a asymmetry of the diamonds for negative and positive voltages VSD between
source and drain contact. We suggest that these features arise from the hybridization
of electronic states due to the coupling of two quantum dots. AFM measurements re-
vealed a tube diameter of about 1.5 nm, but does not allow one to distinguish between
an individual SWCNT, a MWCNT or a bundle of SWCNTs. Thus, it can not be inves-
tigated if more than one SWCNT is contacted. Therefore it is planned to characterize
the inter-molecular structure of this device by Raman spectroscopy, as shown in this
thesis, investigating its radial modes and the width of their resonance profiles. This
may help to understand the asymmetry of the observed Coulomb diamonds in figure
8.1b and to interpret further transport measurements of devices that are fabricated
on substrates being not accessible with HRTEM.
Since HRTEM is up to now the only obtainable method to confirm the filling of indi-
vidual CNTs, a new kind of substrate was designed, which may allow the correlation
of HRTEM, Raman spectroscopy and transport measurements on the same individual
CNT. A first example of such a substrate is shown in figure 8.2, which was fabricated
from a Si3N4 membrane by K. Goß and C. Morgan using reactive ion beam etching
(RIBE). The patterning of the membrane is done by etching negative markers instead
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2 μm
Figure 8.2: SEM image of a recently designed perforated membrane, which was fabri-
cated by RIBE. Such a patterned TEM grid would enable one to contact
CNTs for transport measurements in addition to HRTEM and Raman
characterization.
of depositing positive markers, as used for Si substrates before. Beside the large hole
with a diameter of about 3 m which provides the investigation of individual CNTs
crossing the hole after CVD growth, several small slits are etched into the membrane
to confirm the complete filling of the CNT by using HRTEM. In further experiments,
it is planned to contact these CNTs directly on the membrane, which was not pos-
sible for the perforated Si3N4 membranes used in this thesis, because of too little
space between the holes for contacting individual CNTs. Thus, the structure and the
filling of the measured tube can be determined, even though HRTEM can only be
done after transport measurements. This may permit direct correlation of transport
measurements from an individual contacted CNT to its atomic structure.
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